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RESUMO 
 
O sorgo apresenta elevados teores de compostos fenólicos e de fibra alimentar que podem 
auxiliar na redução dos riscos das doenças crônicas não transmissíveis. Destaca-se, que 
quando os grãos são decorticados e as frações separadas a distribuição de nutrientes pode 
variar e influenciar a resposta do organismo frente ao consumo dos mesmos. Este trabalho 
objetivou avaliar os efeitos da farinha de sorgo integral (WSF), farinha dos grãos decorticados 
(DSF) e farelo de sorgo (SB) provenientes do processo de decorticação, sobre os parâmetros 
relacionados à obesidade e suas comorbidades em ratos Wistar alimentados com dieta 
obesogênica. As farinhas de sorgo foram elaboradas utilizando-se polidora de arroz e moinho 
laboratorial de impacto e avaliadas quanto a composição nutricional, compostos fenólicos e 
capacidade antioxidante. Além disso, o índice glicêmico estimado (EGI) foi determinado, 
assim como sua correlação com os polissacarídeos, compostos fenólicos e capacidades 
antioxidantes. Em seguida, conduziu-se um ensaio biológico com 50 ratos Wistar divididos 
em dieta controle (AIN-93M), dieta com alto teor de lipídios e frutose (HFF) e dieta HFF 
adicionada de WSF (HFF-WSF), DSF (HFF-DSF) ou SB (HFF-SB) durante 12 semanas. 
Foram avaliados: ingestão alimentar, estresse oxidativo, peroxidação lipídica, índice de 
adiposidade, perfil lipídico, excreção de lipídios fecal, teor de lipídios do fígado, tolerância à 
glicose e resistência insulínica. A decorticação dos grãos de sorgo concentrou no SB os teores 
de proteínas, lipídios, cinzas, β-glicana e fibras total e insolúvel, assim como, o teor de 
compostos fenólicos e a capacidade antioxidante. Os teores de amido total e de amido não 
resistente foram maiores na DSF, enquanto que o do amido resistente apresentou maior 
concentração na WSF. DSF apresentou o maior EGI seguido pela WSF e SB. Este foi 
negativamente correlacionado com o teor de compostos fenólicos, flavonoides específicos e 
capacidades antioxidantes assim como fibra total, solúvel e insolúvel e β-glicana. A 
concentração plasmática de glutationa reduzida do grupo HFF-WSF e o nível de substâncias 
reativas ao ácido tiobartitúrico (TBARS) em todos os grupos que consumiram dieta com 
sorgo melhoraram em relação do HFF. A atividade hepática da enzima glutationa peroxidase 
melhorou em todos os grupos de farinhas de sorgo, enquanto as atividades de catalase e 
glutationa redutase foram maiores nos grupos HFF-WSF e HFF-SB. Não houve correlação 
entre os compostos fenólicos e as enzimas antioxidantes, habilidade de redução do ferro e 
TBARS do plasma e fígado. Não houve diferença entre as dietas com farinhas de frações de 
sorgo em relação ao peso final, peso dos órgãos, índice de adiposidade, concentração de 
lipídeos no fígado, perfil lipídico, ácido úrico, glicose e insulina de jejum, níveis de leptina e 
adiponectina ou sobre a homeostase glicose-insulina. Entretanto, em comparação à dieta HFF, 
as farinhas das frações de sorgo diminuíram a concentração de lipídeos hepático e a WSF 
reduziu a glicose de jejum, melhorou a tolerância à glicose, a resistência insulínica e reduziu a 
secreção de insulina. Assim, destaca-se o potencial uso da WSF, em relação as demais, em ser 




Sorghum has a high content of phenolic compounds and dietary fiber that might be useful to  
reduce chronic diseases risks. When grains are decorticated and its fractions are separated, by 
sieving, nutrients distribution can vary widely and influence the organism response after 
consumption. This study aimed to evaluate the effects of whole sorghum flour (WSF), 
decorticated sorghum flour (DSF) or sorghum bran, obtained from decortication process, on 
physiological parameters linked to obesity and its comorbidities in Wistar rats fed with 
obesogenic diet. First, sorghum flours fractions were made using a rice-polisher and 
laboratory impact mill. Afterwards, sorghum flours were evaluated as nutrient composition, 
phenolic compounds and antioxidant capacity. Furthermore, estimated glycemic index (EGI) 
was correlated with polysaccharides, phenolic compounds and antioxidant capacities of the 
three samples. Biological assay was conducted with 50 Wistar rats, which were divided into 
control group (AIN-93M), diet with high fat-fructose (HFF) and HFF added with WSF (HFF-
WSF), DSF (HFF-DSF) and SB (HFF-SB) for 12 weeks. Physiological effects of sorghum 
flours fractions addition were assessed by food intake, oxidative stress, lipid peroxidation, 
adipose index, hormonal and lipid profile, fat fecal excretion, fat liver, glucose tolerance and 
insulin resistance. SB presented the highest protein, lipid, ash, β-glucan, total and insoluble 
dietary fiber contents; and the lowest non-resistant and total starch contents. The highest 
carbohydrate and resistant starch contents were in DSF and WSF, respectively. Phenolic 
compounds and antioxidant activities were concentrated in SB. DSF had the highest EGI 
followed by WSF and SB. Phenolic compounds, specific flavonoids and antioxidant activities, 
as well as total, insoluble and soluble dietary fiber and β-glucans of sorghum flour samples 
were all negatively correlated to EGI. RS content was not correlated to EGI. Biological 
experiment showed that plasma reduced glutathione content of HFF-WF group and plasma 
thiobarbituric acid reactive substances (TBARS) of all sorghum diets were improved. Liver 
glutathione peroxidase activity was ameliorated in sorghum diets, while liver catalase and 
glutathione reductase showed a higher activity in HFF-WF and HFF-SB. There was no 
correlation between phenolics content and enzymatic and reduced glutathione, ferric reducing 
antioxidant power and TBARS in both analyzed biological samples. Sorghum flour fractions 
improved liver catalase, glutathione reductase and glutathione peroxidase activities and 
decreased plasma lipid peroxidation. There was no difference among diets with sorghum 
flours fractions on final body and tissues weight, adiposity index, liver fat levels, lipid profile, 
uric acid, fasting glucose, insulin, leptin and adiponectin levels as well as glucose tolerance 
and insulin sensitivity. However, fecal fat excretion was highest in HFF-WSF group. 
Additionally, comparing to HFF group sorghum flours fractions reduced liver fat and HFF-
WSF decreased fasting glucose, improved glucose tolerance, insulin resistance and reduced 
insulin secretion. These outcomes suggest that WSF can be used as a strategy to ameliorate 
glucose/insulin homeostasis through increasing insulin sensitivity, leading to pancreatic islets 
function preservation in pre-diabetic condition. Thus, it should be highlighted the potential 
consumption of WSF, over the other flours, as an useful strategy against specific parameters 
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1. INTRODUÇÃO GERAL 
 
No ano de 2014, segundo a Organização Mundial de Saúde, mais de 1,9 bilhões de 
adultos foram diagnosticados com sobrepeso e, aproximadamente, 600 milhões com 
obesidade (2015). A relevância mundial desses dados faz com que a obesidade seja 
considerada um problema de saúde pública associado à elevadas despesas médicas e redução 
da qualidade de vida, que requerem a implementação de estratégias, sejam elas preventivas ou 
terapêuticas (MALIK et al., 2013). O aumento do tecido adiposo possui influência direta 
sobre o estresse oxidativo e a inflamação, por meio da produção de adipocinas, envolvidas na 
instalação da resistência à ação da insulina, do diabetes mellitus tipo 2, doenças 
cardiovasculares e certos tipos de câncer (SHOELSON et al., 2007). Entretanto, o organismo 
conta com os mecanismos antioxidantes, enzimáticos e não enzimáticos, que impedem a 
formação ou ação de radicais livres ou favorecem a recuperação das estruturas biológicas 
lesadas (LEE et al., 2011). Ressalta-se que nutrientes de origem dietética podem influenciar o 
estado de estresse oxidativo e inflamatório do organismo (GALLEANO et al., 2012). 
Neste contexto, Fardet et al. (2008), destacam forte evidência entre o consumo de 
cereais integrais e a proteção contra doenças crônicas não transmissíveis (DCNT). Este efeito 
relaciona-se à concentração de fibra alimentar e dos compostos fenólicos na camada externa 
do grão, agindo em conjunto para combater o estresse oxidativo e a inflamação. Assim, 
segundo Awika e Rooney (2004), o consumo do sorgo, um cereal que apresenta em sua 
composição um elevado teor de compostos fenólicos e fibras, pode auxiliar na redução dos 
riscos das DCNT. Adicionalmente, considerando a morfologia dos grãos (pericarpo, germe e 
endosperma), destaca-se que quando os mesmos são decorticados e as frações, grãos 
decorticados e farelo, separadas a composição de nutrientes de cada produto pode variar e 
influenciar a resposta do organismo frente ao consumo dos mesmos (ADOM et al., 2005; AL-
RABADI et al., 2012). A decorticação abrasiva dos grãos é um processamento no qual há a 
remoção sucessiva das camadas do pericarpo e, assim, a separação do endosperma (AWIKA 
et al., 2005). A remoção do pericarpo, da testa pigmentada e do germe constituem o farelo. 
Este, em sua composição, é rico em minerais, lipídios, fibras além de conter grande 
quantidade de compostos fenólicos enquanto, por lado, o endosperma remanescente é 
composto, predominantemente, por amido (ABOUBACAR et al., 2006). 
A hipótese deste trabalho baseia-se na premissa de que a farinha de sorgo integral, a 
farinha dos grãos decorticados e o farelo de sorgo, em função da variação de suas 
composições, podem, por mecanismos diferenciados, auxiliar no tratamento da obesidade 
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quando adicionados à dieta obesogênica de ratos Wistar por meio de ação modulatória sobre 






2. OBJETIVO  
 
O objetivo deste trabalho foi avaliar os efeitos da adição da farinha de sorgo integral, da 
farinha dos grãos decorticados e do farelo de sorgo, provenientes do processo de decorticação 
abrasiva dos grãos, sobre os parâmetros relacionados à obesidade e suas comorbidades em 
ratos Wistar alimentados com dieta obesogênica. 
 
2.1. Objetivos específicos 
 
 Realizar o processamento dos grãos de sorgo em farinha integral. 
 Decorticar os grãos de sorgo a fim de obter os grãos decorticados e o farelo de 
sorgo. 
 Caracterizar quimicamente a farinha integral de sorgo, a farinha dos grãos 
decorticados e o farelo de sorgo. 
 Estimar o potencial antioxidante da farinha integral de sorgo, da farinha dos grãos 
decorticados e do farelo de sorgo, por métodos químicos. 
 Determinar o índice glicêmico estimado da farinha integral de sorgo, da farinha 
dos grãos decorticados e do farelo de sorgo, por métodos in vitro. 
 Avaliar o efeito da adição da farinha integral de sorgo, da farinha dos grãos 
decorticados e do farelo de sorgo à dieta obesogênica sobre parâmetros relacionados ao 
estresse oxidativo em ratos Wistar.  
 Estimar o efeito da adição da farinha integral de sorgo, da farinha dos grãos 
decorticados e do farelo de sorgo à dieta obesogênica de ratos Wistar sobre a adiposidade, os 









3. REVISÃO BIBLIOGRÁFICA  
 
3.1 Obesidade, inflamação e resistência à insulina 
 
No ano de 2014, segundo a Organização Mundial de Saúde, mais de 1,9 bilhões de 
adultos foram diagnosticados com sobrepeso e, aproximadamente, 600 milhões com 
obesidade (WHO, 2015). A relevância mundial desses dados faz que a obesidade seja 
considerada um problema de saúde pública associado à elevadas despesas médicas e à 
redução da qualidade de vida, que requerem implementação de estratégias, sejam elas 
preventivas ou terapêuticas (MALIK et al., 2013). As adversidades do ganho de peso 
excessivo são decorrentes, principalmente, do desenvolvimento e instalação de alterações 
metabólicas associadas como a resistência à ação da insulina (RI), intolerância à glicose, 
diabetes mellitus tipo 2 (DM 2), aterosclerose, inflamação crônica subclínica e esteatose 
hepática não alcoólica além de outras comorbidades (WANG et al., 2014; DEER et al., 2015). 
Embora seja uma doença de origem multifatorial, o aumento da incidência da obesidade 
e das doenças associadas está, diretamente, relacionado às mudanças comportamentais dos 
indivíduos em função da adoção do estilo de vida sedentário e à maior disponibilidade de 
alimentos (BIGONIYA et al., 2012). Além do consumo calórico exacerbado, dietas com 
elevada quantidade de carboidratos refinados, gorduras saturadas e trans em associada ao 
baixo consumo de ácido graxo ɷ-3 e substâncias antioxidantes provenientes de frutas, 
vegetais e cereais integrais estão, também, relacionadas ao aumento do ganho de peso 
(GIUGLIANO et al., 2006; DEER et al., 2015). 
No desenvolvimento da obesidade, há uma hipótese que afirma que os processos de 
hiperplasia e de hipertrofia dos adipócitos resultam em hipóxia do tecido. Além disso, esta 
falta de oxigenação adequada do tecido gera um quadro inflamatório inicial ao organismo. O 
processo inflamatório da obesidade é causado pela estimulação de macrófagos e monócitos no 
tecido adiposo. Estas células são responsáveis pela secreção de citocinas inflamatórias como a 
interleucina-6 (IL-6), a interleucina-1β (IL-1β) e o fator de necrose tumoral alfa (TNF-α), que 
são capazes de bloquear a via de sinalização de insulina, promovendo, portanto, a RI 
(FERNÁNDEZ-SÁNCHEZ et al., 2011; DEER et al., 2015). Assim, a obesidade é 
caracterizada pela infiltração de macrófagos, que estimulam a produção de adipocinas 
(citocinas e hormônios), responsáveis pelo processo de inflamação em órgãos 
metabolicamente ativos (SHOELSON et al., 2007). 
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A RI pode ser definida como uma resposta inadequada, aos níveis circulantes normais 
de insulina, dos órgãos sensíveis à ação desse hormônio (fígado, músculo esquelético e tecido 
adiposo). Em condições normais, durante o jejum, o fígado, por meio da produção de glicose 
via glicogenólise e gliconeogênese, é responsável pela manutenção da concentração de 
glicose no sangue. No período pós-prandial, a glicose proveniente do intestino estimula a 
liberação de insulina no pâncreas, o que resulta na normalização do nível glicêmico. Assim, a 
insulina é responsável pela supressão da produção de glicose pelo fígado, estímulo da síntese 
de glicogênio, elevação da captação e utilização da glicose no tecido muscular esquelético, 
inibição da lipólise e regulação da lipogênese no tecido adiposo. Por outro lado, em condições 
patológicas como na presença de RI, todas estas ações desse hormônio são prejudicadas e 
resultam em hiperglicemia e aumento dos níveis circulantes de ácido graxos não esterificados. 
A reação orgânica ao estado hiperglicêmico é a hipersecreção de insulina pelas células β-
pancreáticas, como mecanismo compensatório. Desta forma, o estado normoglicêmico é 
mantido em estágios iniciais da RI. Entretanto, a longo prazo, o excesso de produção de 
insulina prejudica o funcionamento normal das células β-pancreáticas. O desenvolvimento da 
intolerância à glicose é considerado uma característica da falha da ação das células β-
pancreáticas (OLEFSKY e GLASS, 2010; KALUPAHANA et al., 2012). 
Na obesidade, mais importante do que o próprio excesso de tecido adiposo, é a sua 
distribuição no organismo, principalmente na região central (tecido adiposo visceral, omental 
ou intra-abdominal), que exerce importante papel na fisiopatologia da resistência insulínica e 
da síndrome metabólica. O tecido adiposo visceral (TAV) é localizado principalmente como 
depósitos intra-abdominal ao redor do intestino, mesentério, o omento e área perirenal, que 
drena diretamente para o fígado através da circulação portal. Este tecido é considerado 
metabolicamente mais ativo do que o tecido adiposo subcutâneo. Isto ocorre devido ao maior 
número de receptores de glicocorticoides e β-adrenérgicos, além de menor quantidade de 
receptores de insulina. Esta combinação de receptores relaciona o TAV com a maior 
sensibilidade à lipólise, resultando em maior liberação de ácidos graxos de cadeia livre no 
sistema porta, e resistência à ação da insulina (HERMSDORFF e MONTEIRO, 2004; 
CAPURSO e CAPURSO, 2012; SNEL et al., 2012). Deste modo, o excesso de ácidos graxos 
livres circulantes, as citocinas liberadas pelo tecido adiposo e outros fatores associados 
induzem a resistência à ação da insulina (CAPURSO e CAPURSO, 2012). Além disso, a 
presença de gordura ectópica em locais como no fígado, músculo, pâncreas e coração, na 
presença ou não do TAV aumentado, tem sido um fator independente e determinante no 
desenvolvimento da resistência à ação da insulina e comorbidades associadas à obesidade  
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(CASTRO et al., 2014). Este relação é associada aos processos metabólicos dos ácidos graxos 
livres e seus metabolitos que parecem ter efeitos deletérios para a função celular, 
prejudicando a função do órgão acometido (SNEL et al., 2012). 
 
3.2. O estresse oxidativo no desenvolvimento da obesidade e suas comorbidades 
 
A instauração do estresse oxidativo ocorre devido ao desequilíbrio entre o sistema 
oxidativo e os mecanismos antioxidantes, ou seja, entre a produção e a remoção dos radicais 
livres (RL), como as espécies reativas de oxigênio (EROs) e de nitrogênio (ERNs). Os RL 
são, naturalmente, produzidos no processo de oxidação de moléculas como, por exemplo, 
glicose e ácidos graxos, e pelo metabolismo celular. Dentre as principais EROs, podemos 
destacar: ânion-radical superóxido (O2•–), peróxido de hidrogênio (H2O2), radicais peroxila 
(RO2•), alcoxila (RO•), oxigênio singlete (1O2) e radical hidroxila (•OH). Os principais ERNs 
são: óxido nítrico (NO), peroxinitrito (ONOO−) e radical dióxido de nitrogênio (NO2•) 
(LUSHCHAK, 2014).  
Em condições orgânicas normais estes RL são mantidos em baixos níveis e possuem 
importante papel na sinalização celular, especialmente, no sistema imunológico, contribuindo 
para a manutenção da homoestase corporal. No entanto, elevados níveis de RL levam à 
oxidação de biomoléculas com a consequente perda da função biológica (LEE et al., 2011). O 
dano celular causado pelo desequilíbrio entre o sistema oxidativo e antioxidante pode levar a 
um estado pró-inflamatório crucial no desenvolvimento de DCNT (GILL et al., 2010; LEE et 
al., 2011; LUSHCHAK, 2014). 
O consumo excessivo de nutrientes, além do aumento do ganho de peso, é também 
associado a uma elevada produção de RL. Esta, por sua vez, é considerada uma das respostas 
celulares de caráter nocivo ao organismo que danificam estruturas celulares e desencadeiam a 
resposta inflamatória. Desta forma, estresse oxidativo, proveniente do excesso de nutrientes, é 
relacionado ao aumento da adiposidade, à RI e à síndrome metabólica (BONDIA-PONS et 
al., 2012; SANTILLI et al., 2015). Adicionalmente, dietas hipercalóricas, com elevadas 
concentrações de carboidratos e de ácidos graxos saturados e trans, são associadas ao 
estímulo de vias metabólicas que levam ao estresse oxidativo por meio de diversos 
mecanismos bioquímicos como, por exemplo, a formação de superóxido a partir da enzima 
NADPH oxidase (NOX), fosforilação oxidativa de proteínas chave do metabolismo, auto-




3.3. Citocinas e hormônios relacionados ao desenvolvimento da obesidade e suas 
comorbidades 
 
Originalmente considerado um órgão de depósito energético, o tecido adiposo, 
principalmente, o tecido adiposo branco, corresponde a uma fonte importante de moléculas 
sinalizadoras para o próprio tecido adiposo e órgãos sensíveis à ação da insulina que regulam 
o estado nutricional do organismo. Desta forma, o tecido adiposo é responsável por regular a 
homeostase metabólica, principalmente, nos órgãos como o fígado e o músculo esquelético 
(SHOELSON et al., 2007; LEE et al., 2009). 
Moléculas oxidantes, provenientes do excesso de calorias, podem regular a produção de 
citocinas por meio da ativação de fatores de transcrição nucleares como, por exemplo, o fator 
de transcrição nuclear kappa B (NF-κB) (Figura 1). Este fator é considerado parte de uma das 
vias de sinalização que relacionam a inflamação à obesidade e à RI. O NF-κB é responsável 
por aumentar a transcrição de RNA mensageiro (mRNA) do TNF-α, IL-1β e IL-6 (Figura 1). 
Estas citocinas pró-inflamatórias, podem ser responsáveis pelo desenvolvimento da RI nos 
tecidos onde são produzidas como, por exemplo, no tecido adiposo e fígado, e afetam tecidos 
como os músculos esquelético e cardíaco, vasos sanguíneos e os rins por diferentes 
mecanismos (GRIMBLE, 1998; DONATH e SHOELSON, 2011).  
 
Figura 1: Tecido adiposo como fonte de adipocinas relacionadas ao desenvolvimento da 
obesidade e suas comorbidades. 
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O TNF-α produzido, principalmente, pelos monócitos, linfócitos, tecidos muscular e 
adiposo, relaciona-se à fisiopatologia da RI por meio da fosforilação anormal do substrato 
para o receptor de insulina 1 (IRS-1), impedindo a progressão do sinal intracelular da insulina 
(ANTUNA-PUENTE et al., 2008; FERNÁNDEZ-SÁNCHEZ et al., 2011).  
A IL-6 também apresenta efeito direto sobre a sinalização de insulina devido à redução 
da ativação de IRS-1 e da fosfatidilinositol 3-quinase (Pi3k), além de prejudicar a glicogênese 
induzida pela insulina nos hepatócitos. A diminuição da secreção de adiponectina pela ação 
da IL-6 pode ser outro fator que explica a relação desta citocina com a RI (ZOU e SHAO, 
2008; FERNÁNDEZ-SÁNCHEZ et al., 2011). 
Juntamente com TNF-α e IL-6, a IL-1β é uma citocina central na regulação das 
respostas inflamatórias. A IL-1β correlaciona-se a RI devido à toxicidade para células β 
pancreáticas com a perda progressiva da função e morte celular. Elevados níveis de glicose e 
ácidos graxos livres provenientes do excesso de ingestão calórica e obesidade estimulam a 
produção desta interleucina. Desta forma, o tecido adiposo pode estar relacionado à perda das 
células pancreáticas, associando-se a fisiopatologia do DM 2 (DINARELLO, 2011). 
Em conexão às interleucinas produzidas no tecido adiposo, os hormônios, leptina, 
grelina e adiponectina são fortemente relacionados à obesidade e suas comorbidades. A 
concentração plasmática de leptina e a expressão de seu mRNA são diretamente proporcionais 
à adiposidade. Por esta razão, a leptina, produzida quase exclusivamente pelos adipócitos, é 
considerada como um marcador da obesidade (ANTUNA-PUENTE et al., 2008). Embora a 
leptina seja um hormônio que relaciona às reservas energéticas periféricas ao centro de 
regulação homeostática no cérebro, sinalizando a redução do consumo alimentar e o aumento 
do gasto energético, existe uma correlação entre a leptinemia e a inflamação crônica 
subclínica no estado de obesidade (SHAPIRO et al., 2011). A hiperleptinemia parece 
aumentar o estado de inflamação por meio da ativação dos macrófagos, que por sua vez, 
produzem TNF-α e IL-6 que estimulam a produção de leptina (ANTUNA-PUENTE et al., 
2008). Além disso, a leptina age em conjunto com a insulina regulando a captação de glicose 
e de lipídios. Desta forma a leptina relaciona-se com à RI e ao DM 2 atuando sobre o IRS-1 e 
substrato para o receptor de insulina-2 (IRS-2), Pi3k, proteína cinase ativada por mitógeno 
(AMPK), sugerindo um inter-relação entre a via de sinalização da insulina e a leptina (ZOU e 
SHAO, 2008).  
Diferentemente das outras adipocinas, a adiponectina apresenta-se reduzida em 
indivíduos obesos e resistentes à insulina. Secretada pelo tecido adiposo este hormônio possui 
ação regulatória na homeostase energética, no metabolismo da glicose, assim como na ação 
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anti-inflamatória (FERNÁNDEZ-SÁNCHEZ et al., 2011). Similarmente à ação da leptina, a 
adiponectina melhora a sensibilidade à insulina por meio da ativação do AMPK, e também 
afeta a glicogênese hepática via redução da expressão de mRNA da fosfoenolpiruvato 
carboxilase e da glicose-6-fosfatase. A adiponectina reduz, também, a resposta inflamatória 
devido à diminuição da atividade dos macrófagos e da produção de TNF-α e IL-6 (ANTUNA-
PUENTE et al., 2008). 
A grelina, outro hormônio regulador do balanço energético, é secretada pelas células 
endócrinas do trato gastro intestinal e regula o comportamento alimentar por meio da 
modulação da expressão de peptídeos orexígenos no hipotálamo (VENDRELL et al., 2004).  
Outro efeito da grelina é a estimulação de adipocinas pró-inflamatórias como a leptina, TNF-α 
e IL-6, a IL-1β (CHENG et al., 2010). 
 
3.4. Mecanismos anti-inflamatórios e antioxidantes  
 
A interleucina-10 (IL-10), é a principal inibidora da síntese das citocinas pró-
inflamatórias, provavelmente, por meio de feedback negativo e por supressão da função dos 
macrófagos (MEDZHITOV, 2010). Esta interleucina é produzida no tecido adiposo, assim 
com em outros tecidos, por uma classe de macrófagos, pertencentes ao fenótipo M2, com ação 
anti-inflamatória, envolvidos na remodelagem e na homeostase do tecido adiposo (ANTUNA-
PUENTE et al., 2008). Desta forma, a IL-10 tem sido relacionada à redução da RI por meio 
da inibição do IL-6, assim como aumento da translocação do transportador de glicose tipo 4 
(GLUT4) e fosforilação do IRS-1 suprimidos pela ação do TNF-α (SHOELSON et al., 2007). 
Juntamente com o mecanismo anti-inflamatório, o organismo conta com os mecanismos 
antioxidantes, enzimático e não enzimáticos que atuam impedindo a formação de RL, 
inibindo a ação dos mesmos ou favorecendo a recuperação e reconstituição das estruturas 
biológicas lesadas (LEE et al., 2011). O mecanismo enzimático de defesa antioxidante inclui 
a produção das enzimas superóxido dismutase (SOD) responsável por remover o radical 
superóxido; a catalase (CAT) que converte peróxido de hidrogênio em água; e a glutationa 
peroxidase (GPx) que além de neutralizar o peróxido de hidrogênio converte hidroperóxidos à 
hidróxidos mais estáveis (YEH et al., 2009). Este processo requer a participação da 
glutaniona reduzida (GSH) que atua como agente redutor, formando a molécula de glutationa 
oxidada (GSSH). Esta por sua vez, é reduzida novamente a GSH através da atividade da 
enzima glutationa redutase (GRd), utilizando a nicotinamida adenina dinucleotídeo fosfato 
(NADPH) como co-fator. Assim, a GSH possui um importante papel na defesa antioxidante, 
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mantendo os níveis dos grupos tiol no organismo (YEH et al., 2009; SHANMUGAM et al., 
2011). 
O mecanismo antioxidante não enzimático abrange, especialmente, os antioxidantes de 
origem dietética, dentre os quais se destacam as vitaminas, os minerais e os compostos 
fenólicos. Evidências da influência do sistema não enzimático sobre o estado de estresse 
oxidativo e inflamatório são amplamente relatados na literatura (CALDER et al., 2009; 
GALLEANO et al., 2012). Bagul et al. (2012) demonstraram que administração de 10 mg.kg-
1.dia-1 de resveratrol, composto fenólico presente em uvas e vinhos, foi capaz de aumentar a 
concentração de SOD e GPx, reduzir as substâncias reativas ao ácido tiobarbitúrico (TBARS) 
e dieno conjugados no fígado de ratos com diabetes e obesidade induzidos por meio de dieta 
com alto teor de frutose (8 semanas). Além disso, o fenólico mostrou-se eficiente em prevenir 
a elevação da glicose sérica por meio do teste de tolerância intraperitoneal à glicose e em 
reduzir níveis de triacilgliceróis, ácido úrico e óxido nítrico.  
Os compostos fenólicos também são associados à expressão de genes dos 
transportadores de glicose e da via de sinalização de insulina. A expressão dos genes de IRS-
1, IRS-2, Pi3k, transportador de glicose tipo 1 (GLUT 1), GLUT 4 em tecido adiposo 
epididimal foram aumentadas após a ingestão de extrato rico em antocianinas (100 e 
200 mg.kg-1) em ratos Wistar portadores de diabetes induzido por meio de dieta com alto teor 
de frutose (6 semanas).  Além disso, houve também a redução da expressão dos genes 
inflamatórios TNF-α e IL-6, a IL-1β. Estes resultados indicam que o extrato de antocianinas 
pode reduzir os riscos relacionados à RI por meio da modulação da via de sinalização da 
insulina e também pela via inflamatória (QIN e ANDERSON, 2012). 
Os cereais também são importantes fontes de compostos com ação anti-inflamatória e 
antioxidante. Em estudo in vitro utilizando-se células HT-29, o extrato de trigo demonstrou 
ter atividade anti-inflamatória devido à inibição da expressão de IL-1β (WHENT et al., 2012). 
Em experimento em modelo animal, Belobrajdic et al. (2011) demonstrou que ratos Zucker 
obesos alimentados com farelo de trigo (12 semanas) apresentaram tendência de maior 
capacidade antioxidante sérica (ORAC) e reduziu a concentração do inibidor do ativador do 
plasminogênio tipo 1 (PAI-1) em relação ao grupo controle. Os autores ressaltaram que 
cereais com moderada capacidade antioxidante podem melhorar modestamente os marcadores 
do estresse oxidativo e da inflamação  (BELOBRAJDIC et al., 2011). Álvarez et al. (2006) 
substituíram 20% da dieta de camundongos por gérmen de trigo, farinha de trigo, sêmea de 
trigo e farelo de arroz, durante 5 semanas. Todos os grupos que receberam cereais 
apresentaram melhorar do quadro inflamatório (TNF-α) e do estresse oxidativo (GSSH, 
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GSSG/GSH, CAT e TBARS). Os autores atribuíram estes efeitos a capacidade antioxidante 
dos compostos fenólicos presentes nestes cereais.  
As ação dos composto fenólicos também foram demonstradas por Guo et al. (2006), que 
avaliaram o efeito do extrato etanólico de arroz negro, rico em antocianinas, sobre o estresse 
oxidativo, o perfil lipídico e a resistência à insulina de ratos Sprague-Dawley, alimentados 
com dieta com alto teor de frutose (4 semanas). A suplementação diária do extrato (5g.Kg-1 
dieta) reduziu o estresse oxidativo avaliado pela concentração de TBARS e GSH plasmáticas. 
Além disso, houve melhora a intolerância à glicose e a hiperlipidemia, no entanto, o extrato 
não reverteu a hiperinsulinemia dos animais.  
Os efeitos benéficos dos cereais sobre os parâmetros relacionados à inflamação e ao 
estresse oxidativo são também relacionados à presença e o tipo de fibras dos mesmos. Zhao et 
al. (2014) avaliaram o efeito da β-glicana extraída de aveia, trigo e cevada no estresse 
oxidativo e perfil lipídico de camundongos diabéticos (db/db). A adição do polissacarídeo à 
dieta (2g.Kg-1 de peso corpóreo) aumentou a atividade da SOD e reduziu a peroxidação 
lipídica (TBARS) no fígado dos animais. Além disso, o nível de colesterol total e 
triglicerídeos do plasma e do fígado, e lipoproteína de baixa densidade (LDL) hepática foram 
menores nos grupos que receberam a β-glicana em comparação ao grupo controle. 
Diante deste contexto, Fardet et al. (2008) destacam forte evidência entre o consumo de 
cereais e a proteção contra DCNT. Este efeito relaciona-se à concentração de fibra alimentar e 
dos composto fenólicos presentes na camada externa do grão, agindo em conjunto para 
combater o estresse oxidativo, a inflamação e outros parâmetros relacionados à obesidade. 
 
3.5. O sorgo, a decorticação dos grãos e seu potencial na redução dos riscos das 
doenças crônicas não transmissíveis 
 
A produção do sorgo (Sorghum bicolor (L.) Moench) constitui uma relevante cultura 
dentre o cultivo de cereais no mundo (YOUSIF et al., 2012).  Nos continentes Asiático e 
Africano, os grãos de sorgo são largamente consumidos em diferentes preparações. Nos 
Estados Unidos, América do Sul e Austrália uma quantidade pouco significativa destina-se ao 
consumo humano, designando-se, essencialmente, à alimentação animal e à produção de 
etanol (TALEON et al., 2012).  
A reduzida utilização do sorgo na alimentação humana pode ser proveniente da elevada 
concentração de compostos fenólicos como, por exemplo, os taninos condensados que além 
de complexarem com as proteínas do cereal, comprometerem sua qualidade proteica e 
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propiciam a adstringência ao alimento (Figura 2) (QUEIROZ et al., 2011). Neste contexto, a 
Embrapa Milho e Sorgo, por meio de melhoramento genético, desenvolve novos genótipos de 
sorgo com o intuito de aprimorar as características nutricionais e sensoriais do cereal. 
Associados ao advento das DCNT, estudos que relacionam o consumo deste grão à redução 
dos riscos destas doenças podem ser úteis ao estímulo do consumo do sorgo (CHUNG et al., 
2011a; MORAES et al., 2012a).  Seus efeitos sobre essas doenças podem ser atribuídos à 
baixa digestibilidade do amido, um dos principais constituintes do sorgo, as fibras, além da 
elevada concentração de compostos fenólicos, taninos condensados, antocianinas e 
capacidade antioxidante do cereal (YOUSIF et al., 2012).  
 
Figura 2: Estrutura química da molécula de tanino condensado (AWIKA et al., 2003a). 
 
A baixa digestibilidade do amido do sorgo pode ser relacionada à concentração de 
amido resistente neste cereal. Niba e Hoffman (2003) relataram concentração de amido 
resistente de 6,5% e 10%, respectivamente, em sorgo não imerso e imerso em água a 37°C 
durante 10 dias. Além do amido resistente, os diferentes tipos de sorgo avaliados pelos 
mesmos processamentos, apresentaram pequena concentração de β-glicana, composto que 
pode reduzir a absorção de carboidratos, com valores de 0,12 % e 0,52%, respectivamente. A 
menor digestibilidade e redução da absorção do amido contido no sorgo pode contribuir para 
a redução dos riscos relacionados à obesidade, principalmente, no desenvolvimento do DM 2, 
por reduzir a resposta glicêmica do alimento. 
A associação dos polissacarídeos, principalmente o amido resistente, com os compostos 
fenólicos do sorgo resultam em produtos que apresentam menores índices de hidrólise dos 
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carboidratos e índice glicêmico estimado (AUSTIN, 2008; LEMLIOGLU-AUSTIN et al., 
2012). Lemlioglu-Austin et al. (2012) demonstraram que mingaus de amido de milho 
reduziram significativamente o índice glicêmico estimado após a adição de extrato fenólico de 
farelo de sorgo (70% acetona:água) e aumentaram a concentração de amido resistente. 
Adicionalmente, Wolter et al. (2013) compararam estes índices em pães sem glúten 
elaborados com diferentes tipos de cereais. Os autores demonstraram que, embora tenham 
apresentado área abaixo da curva do índice glicêmico estimado mais baixa que a preparação 
controle, não houve diferença na entre os pães preparados com sorgo, trigo sarraceno e teff. 
Entretanto, o índice de hidrolise do pão de sorgo apresentou menores valores em relação ao 
teff, trigo sarraceno e quinoa. Além disso, Yousif et al. (2012) demonstraram redução no teor 
de amido rapidamente digerível e aumento de amido resistente em pães acrescidos com 40% 
de farinha de sorgo de genótipos com coloração de pericarpo branca e vermelha em relação ao 
pão 100% farinha de trigo. Estas modificações resultaram em menor taxa de digestão do 
amido nos pães com farinha de sorgo. Entretanto, os autores discutem que não há diferença 
estrutural no amido dos cereais, porém, a maior concentração de compostos fenólicos nos 
pães de sorgo pode ter inibido a ação das enzimas e/ou se complexado com o amido. Segundo 
Barros, et al. (2012) e Mkandawire, et al. (2013) o tanino condensado, presente no sorgo, é o 
principal composto fenólico responsável pela redução da digestibilidade do amido e do 
aumento da concentração de amido resistente. Isto ocorre devido a interação hidrofóbica entre 
as moléculas de tanino e amilose que formam complexos insolúveis e a redução da atividade 
da enzima α-amilase.  
Deve-se ressaltar que, considerando a morfologia dos grãos (pericarpo, germe e 
endosperma), a distribuição dos nutrientes nos mesmo é variável (ADOM et al., 2005). Esta 
distribuição ocorre, sobretudo, quando os grãos são decorticados e suas frações são separadas 
(ADOM et al., 2005; AL-RABADI et al., 2012). A decorticação abrasiva dos grãos é um 
processamento no qual há a remoção sucessiva das camadas do pericarpo e, assim, a 
separação do endosperma (AWIKA et al., 2005). A remoção do pericarpo, da testa 
pigmentada (camada subsequente ao pericarpo) e do germe constituem o farelo. Este, em sua 
composição, é rico em minerais, lipídios, fibras além de conter grande quantidade de 
compostos fenólicos enquanto, por outro lado, o endosperma remanescente é composto, 
predominantemente, por amido (ABOUBACAR et al., 2006). Adicionalmente, a  separação 
do farelo do sorgo do endosperma oferece uma importante aplicação na indústria de alimentos 
dada a crescente busca por alimentos funcionais (AWIKA et al., 2005). No entanto, é 
necessária a garantia de um processamento economicamente eficiente que permitam a 
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separação do farelo sem a contaminação pelo endosperma (MWASARU et al., 1988; AWIKA 
et al., 2005). Awika et al. (2005) realizaram a separação destas frações utilizando dispositivo 
de descasque abrasivo tangencial (Tangential abrasive dehulling device - TADD), no qual 
camadas sucessivas do pericarpo foram retidas em intervalos de 1 min. durante seis min. O 
farelo produzido por este mecanismo foi avaliado quanto a quantidade de fenólicos totais, 3-
deoxiantocianinas e capacidade antioxidante. As frações coletadas nos tempos de 1 e 2 min. 
apresentaram maiores concentrações dos compostos fenólicos e capacidade antioxidante em 
relação ao grão integral. Este fato pode ser explicado pois, nos menores tempo de exposição, 
os grãos sofrem menos quebras e com a progressão da decorticação há o aumento da 
contaminação pelo endosperma, o qual diminui a concentração de fenólicos no farelo 
(AWIKA et al., 2005). Assim, métodos de decorticação de sorgo, incluindo métodos 
alternativos com a utilização de polidora de arroz, devem ser otimizados de acordo com o 
produto final e equipamento disponível para processamento (BASTOS, 1989; AWIKA et al., 
2005). 
A decorticação do sorgo foi inicialmente utilizada com a finalidade de aumentar o valor 
nutricional do cereal. A remoção do pericarpo favorecia a redução da quantidade de 
compostos fenólicos do endosperma, principalmente do teor de taninos que, conhecidamente, 
complexam com as proteínas e reduzem a qualidade nutricional do sorgo (MWASARU et al., 
1988). Além disso, a decorticação melhorava a coloração, a aparência e a palatabilidade dos 
produtos de sorgo (ABOUBACAR et al., 2006).  Entretanto, com a aumento pela procura por 
alimentos que ofereçam atributos funcionais, a modificação da composição nutricional nas 
frações componentes deste cereal, pode influenciar a resposta fisiológica do organismo frente 
ao consumo do alimento, estimulando sua utilização (ADOM et al., 2005). Neste cenário, 
Lakshmi e Vimala (1996) corroboram esta informação ao relatarem menores concentrações de 
glicose sérica em indivíduos diabéticos que consumiram alimentos com sorgo integral em 
relação àqueles que consumiram o sorgo decorticado nas preparações. Os autores 
relacionaram, naquele momento, este resultado apenas ao teor de fibras contida nas 
preparações. No entanto, associado as fibras do pericarpo estavam presentes os compostos 
fenólicos que podem, também, ter contribuído para a redução dos níveis de glicose.  
Shen et al. (2015) demonstraram efeito dos polissacarídeos do sorgo sobre parametros 
relacionados a obesidade. O amido resistente, extraído do sorgo, foi adicionado na 
concentração de 30% à dietas de ratos Sprague–Dawley durante oito semana. Os grupos que 
consumiram as dietas contento amido resistente do sorgo diminuíram os níveis de 
triglicerídeos, colesterol de baixa densidade (LDL) e aumento o colesterol de alta densidade 
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(HDL). Além disso, houve redução do nível de leptina e aumento da concentração de 
adiponectina. Desta forma, os autores ressaltam o potencial uso do amido resistente do sorgo 
na prevenção e tratamento do obesidade.  
Adicionalmente, Poquette et al. (2014) substituíram a farinha de trigo de muffins por 
farinha de sorgo integral e avaliaram as concentrações plasmáticas de glicose e insulina, por 
180 min., após a ingestão de uma porção contento 50 g de amido em cada preparação. Além 
da redução da glicose, houve também uma menor concentração de insulina naquele grupo que 
consumiu a preparação com farinha de sorgo integral durante o período analisado. Assim, os 
autores atribuíram estes efeitos à elevada concentração de frações de amido funcional, ou seja, 
amido lentamente digerível e amido resistente, e reduzido teor de amido rapidamente 
digerível (POQUETTE et al., 2014).  
Dentre os compostos fenólicos que compõem o sorgo destacam-se os derivados do 
ácido hidrobenzóico e do ácido hidrocinâmico além dos flavonoides, que englobam as 
antocianinas e os taninos (AWIKA e ROONEY, 2004).  Os efeitos dos fenólicos do sorgo 
foram estudados em ratos com diabetes induzida por meio da aplicação de estreptozotocina. 
Os animais diabéticos aos quais foram administrados o extrato fenólico do sorgo 
Hwanggeumchal na concentração de 250 mg.kg-1 durante 14 dias, apresentaram aumento da 
insulina sérica e redução dos níveis de glicose sanguínea, colesterol total, triglicerídeos, ureia, 
ácido úrico e creatinina, além das enzimas hepáticas, aspartato e alanina amino transferases, 
em relação ao grupo de animais diabéticos que não receberam o extrato (CHUNG et al., 
2011a). 
No grupo dos flavonoides do sorgo, destaca-se a classe das 3-deoxiantocianinas que 
correspondem, principalmente, às luteolinidina e apigeninidina (Figura 3). Estas antocianinas 
possuem maior estabilidade à luz, calor e variações de pH comparada com as antocianinas de 
outros alimentos devido à falta de um grupo hidroxila na posição C-3. Estas antocianinas são 
pouco encontradas na natureza, sendo o sorgo de coloração de pericarpo negra, sua principal 
fonte (MAZZA e BROUILLARD, 1987; AWIKA, 2008; DYKES et al., 2009).  
 
Figura 3: Estrutura química da molécula de 3-deoxiantocianina (AWIKA et al., 2004b). 
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Yang et al. (2009) avaliaram a eficiência de três extratos de sorgo, com diferentes 
colorações de pericarpo, contendo 3-deoxiantocianina sobre o crescimento in vitro de células 
humanas de câncer de colón. O extrato de sorgo de pericarpo negro induziu fortemente a 
atividade da enzima de fase II, a qual é um indicador da proteção das células contra agentes 
cancerígenos e toxicidade oxidante. Este mesmo grupo de pesquisadores afirmou que o 
potencial quimiopreventivo do sorgo é independe de sua capacidade antioxidante.  
A atividade anti-inflamatória de extrato etanólico de farelo de sorgo negro foi 
demonstrada por meio de ensaio com células mononucleares de sangue periférico humano. O 
extrato inibiu de maneira dose-dependente a liberação de citocinas pró-inflamatórias. A 
inibição da liberação de TNF-α foi de 52 e de 84% utilizando-se diluições de 1:200 e 1:100, 
respectivamente. Além disso, na diluição de 1:100 a liberação de IL-1β foi quase totalmente 
inibida. Os autores destacaram que a atividade anti-inflamatória do farelo de sorgo é 
correlacionada ao seu teor de fenólicos e capacidade antioxidante (BURDETTE et al., 2010). 
Moraes et al. (2012a) estudaram o efeito da adição de farinha de sorgo em dieta 
hiperlipídica de ratos Wistar sobre a inflamação crônica subclínica e estresse oxidativo. Após 
35 dias, houve redução da expressão de mRNA de TNF-α do tecido adiposo epididimal e na 
concentração do marcador de peroxidação lipídica (TBARS) do tecido hepático dos animais 
alimentados com farinha do genótipo com pericarpo vermelho. Ajiboye et al. (2013) 
suplementaram extrato de sorgo (500 mg.Kg-1 peso corpóreo) na dieta de ratos e 
demonstraram redução do estresse oxidativo (TBARS, dieno conjugados, hidroperoxidos, 
proteinacarbonil e porcentagem de fragmentação de DNA).  Recentemente, Khan et al. (2015) 
demonstaram aumento de polifenois no plasma de humanos após a ingestão de refeição 
contendo sorgo vermelho em sua composição. Além disso, os polifenois plasmáticos foram 
positivamente correlacionados à capacidade antioxidate do plasma e à atividade da enzima 
superóxido dismutase e, negativamente correlacionados com a proteína carbonil.  
O potencial do uso do sorgo em atuar como um alimento, com características funcionais 
na redução dos risco à obesidade e comorbidades associadas, tem sido amplamente 
evidenciado na literatura. Entretanto, não há ainda um consenso sobre a forma de utilização 
do cereal. Deste modo, o processamento, principalmente por meio da decorticação, do sorgo 
pode oferecer modificações do perfil químico-nutricional que apliam a versatilidade de uso e 
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Nutrients composition, phenolic compounds, antioxidant activity and estimated 
glycemic index (EGI) were evaluated in sorghum bran (SB) and decorticated sorghum flour 
(DSF), obtained by a rice-polisher, as well as whole sorghum flour (WSF). Correlation 
between EGI and the studied parameters were determined. SB presented the highest protein, 
lipid, ash, β-glucan, total and insoluble dietary fiber contents; and the lowest non-resistant and 
total starch contents. The highest carbohydrate and resistant starch contents were in DSF and 
WSF, respectively. Phenolic compounds and antioxidant activities were concentrated in SB. 
The EGI values were: DSF 84.5 ± 0.41; WSF 77.2 ±0.33; and SB 60.3 ± 0.78. Phenolic 
compounds, specific flavonoids and antioxidant activities, as well as total, insoluble and 
soluble dietary fiber and β-glucans of sorghum flour samples were all negatively correlated to 
EGI. RS content was not correlated to EGI. 
 






Diabetes has increased rapidly in recent years. In 2013 the diabetes prevalence was 382 
million people, and this number is expected to rise to 592 million by 2035 (GUARIGUATA 
et al., 2014). Moreover, diabetes has been strongly associated to obesity and carbohydrate 
intake (CHENG et al., 2013; BRAY e POPKIN, 2014). Owing to an improper balance of 
glucose homeostasis, the glycemic raising capability of foods is an efficient dietary approach 
for maintaining a healthy weight and preventing chronic illness such as diabetes (BRAND-
MILLER et al., 2009). High glycemic index (GI) foods cause a rapid and large release of 
glucose and are associated with increased risk of diabetes, whereas foods with low GI contain 
slowly digested carbohydrates and cause slower and lower increase of the blood glucose level 
(BRAND-MILLER et al., 2009; BHUPATHIRAJU et al., 2014). 
In this context, sorghum grains (Sorghum bicolor (L.) Moench) have been reported to 
have lower starch digestibility than maize and other cereals (EZEOGU et al., 2005). Studies 
with sorghum phenolic extracts and sorghum products have assigned the low starch 
digestibility with types and content of phenolic compounds. Sorghum genotypes with high 
phenolic and tannin levels are associated to enzyme inhibition and starch molecule 
interaction. These facts impair starch digestibility, increase resistant starch and decrease GI of 
foods (SILLER, 2006; LEMLIOGLU-AUSTIN et al., 2012; MKANDAWIRE et al., 2013).  
Sorghum grains decortication is an abrasive method to remove the grain's pericarp, testa 
layers and part of the germ. Phenolics compounds and dietary fiber are concentrated in the 
bran, whereas starch is the main component in grits (endosperm). The distinct composition 
between both products guides sorghum bran to be used as a functional ingredient to enhance 
the consumption of healthy food, while decorticated grains produce lighter products to attend 
other food industry fields (AWIKA et al., 2005; ABOUBACAR et al., 2006; DLAMINI et 
al., 2007; BUITIMEA-CANTÚA et al., 2013).  
However, an efficient separation is required to ensure the healthy and economic use of 
sorghum fractions, such as the knowledge about the nutrient and phenolics distribution and 
how this processing could affect the estimated glycemic index of sorghum flour fractions. 
Therefore, this study aimed to evaluate sorghum bran and decorticated sorghum flour, 
obtained by a rice-polisher, as well as whole sorghum flour for nutrient composition, phenolic 
compounds and antioxidant activity. Furthermore, the estimated glycemic index was 




4.2. Material and methods  
 
4.2.1. Sorghum sample 
Sorghum genotype SC 21 with brown pericarp and pigmented testa was selected among 
100 genotypes of the Embrapa Maize and Sorghum panel, due to its anthocyanin and tannin 
contents. The grains were grown in the experimental field of Embrapa Maize and Sorghum, 
Sete Lagoas, MG, Brazil, in February 2012. The experimental plots were composed of two 
rows of three meters, with spacing of 0.50 m between rows. The fertilization at planting 
consisted of the application of 300 kg.ha-1 of formulated 08-28-16 (NPK). After 25 days of 
planting, fertilization with 50 kg.ha-1 nitrogen was performed. 
After harvesting, the sorghum grains were dried in an oven at 40 °C (Famen, Model 315 
SE) overnight, selected manually and sieved to remove dirt and impurities.  
 
4.2.1. Sorghum flour, decortication and particle size distribution 
Whole sorghum flour (WSF) was obtained by grinding cleaned grains in a laboratory 
impact mill (Marconi MA 630/1) and passing through a 0.850 mm sieve (MORAES et al., 
2012b). Sorghum bran (SB) and decorticated grains flour (DSF) were obtained by 
decorticating process. Approximately 100 g were decorticated in a rice-polisher (Zaccaria, 
Modelo PAZ 1 DTA) for 4 minutes according to Awika et al. (2005). After processing, 
collected decorticated grains were milled and sieved in a 0.850 mm sieve and the bran was 
similarly collected and sieved. The percent of decorticated grains, bran removal and 
processing loss were calculated. The samples were kept at −20 ◦C until analyses. 
Particle size distribution of the sorghum samples was calculated using #14, 20, 35, 60, 
80 and 100 ABNT standard sieves (1.4; 0.85; 0.5; 0.25; 0.18 and 0.15 mm, respectively) and 
50 g sample size. Results were reported as percentage retained on each sieve. Measurements 
for each sample were made in triplicate. 
  
4.2.3. Proximate composition 
Protein content was determined by the semi-micro Kjeldahl method and ash was 
quantified by means of sample incineration in a muffle furnace as described by the 
Association of  Official Analytical Chemists (2002). Total lipids were determined by the 
Bligh and Dyer (1959) method, and moisture in an oven at 105±1 °C. Soluble and insoluble 
dietary fiber were performed in accordance with the enzymatic gravimetric method (AOAC, 
2002). Total dietary fiber was obtained by summing the soluble and insoluble dietary fiber. 
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The available carbohydrate content was calculated by difference using the equation: 100 - 
(moisture + protein + lipid + ash + dietary fiber). The caloric value of samples was calculated 
using the Atwater conversion factors: 9 kcal per gram of lipid, 4 kcal per gram of 
carbohydrate and 4 calories per gram of protein.  
 
4.2.4. Polysaccharides (Resistant starch, non-resistant starch, total starch and β-
glucan) 
Resistant starch was measured using the assay kit from Megazyme (AACC Method 32-
40.01) (AACC, 2010). Samples were weighed out into screw cap tubes and sodium maleate 
buffer (100 mM; pH 6.0), containing pancreatic and amyloglucosidase (3 U.mL-1), was added. 
Samples were incubated for 16 h at 37 °C with agitation. The tubes were then treated with 
50% ethanol and centrifuged for 10 min. The supernatants were decanted and the pellets re-
suspended in 50% ethanol. This process was repeated twice and the pellets treated with 
potassium hydroxide (2 M) in an ice bath with stirring for 20 min. Sodium acetate buffer (1.2 
M; pH 3.8), followed by amyloglucosidase (3300 U.mL-1) were added and the tubes incubated 
for 30 min at 50 °C. Aliquots (0.1 mL) were removed and treated with GOPOD reagent. 
These were incubated at 50 °C for 20 min and the absorbance read at 510 nm, against a 
reagent blank. Glucose solution (10 mg.mL-1) was used as standard. 
Non-resistant starch was determined in the combined supernatant solutions obtained by 
centrifugation of the initial incubation and the supernatants obtained from the subsequent two 
50% ethanol washings. The volume was adjusted to 100 mL with sodium acetate buffer (100 
mM; pH 4.5). An aliquot (100 µL) of this solution was incubated with 10 μL of dilute 
amyloglucosidase solution (300 U.mL-1) in sodium maleate buffer (100 mM; pH 6.0) for 20 
min at 50 °C. The reaction mixture was incubated with GOPOD for a further 20 min at 50 °C 
and the absorbance read at 510 nm against a reagent blank. Total starch was calculated by the 
sum of resistant starch and non-resistant starch. 
β-Glucan content was determined using the assay kit from Megazyme (AACC Method 
32-23.01) (AACC, 2010). Samples were treated with 50% (v/v) ethanol/water, then sodium 
phosphate buffer (20 mM; pH 6.5) was added and the samples incubated in a boiling water 
bath. The tubes were equilibrated at 50 °C, lichenase (50 U.mL-1) was added, and then tubes 
were further incubated for 60 min at 50 °C. Acetate buffer (200 mM; pH 4.0) was added and 
the tubes centrifuged for 10 min, after which aliquots were removed and treated with b-
glucosidase (2 U.mL-1) for a further 10 min. The reaction mixture was incubated with 
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GOPOD for 20 min. The absorbance was read at 510 nm against a reagent blank. All analyses 
were conducted in triplicates.  
 
4.2.5. Sample extraction of total phenolic, flavonoids, anthocyanins and antioxidant 
assays  
Samples of 0.5 g were extracted in 10 mL of 1% HCl/methanol (v/v) for 2 h under 
mechanical shaking at low speed (Marconi®) for total phenolic, flavonoids, anthocyanins and 
antioxidant determinations. Samples were then stored at -20 °C in the dark, overnight, to 
allow diffusion of compounds from the cellular matrix. Samples were then equilibrated at 
room temperature and centrifuged at 2790g for 10 min. Sample residues were rinsed with two 
additional 10 mL volumes of solvent with shaking for 5 min, centrifuging at 2790g for 10 
min. The three aliquots were mixed and stored at -20 °C in the dark until analysis within 24 h 
(AWIKA et al., 2003b). 
For condensed tannin assay, samples (0.2 g) were extracted for 20 min in 8 mL of 1% 
HCl/methanol (v/v) at 30 °C in a water bath shaker (Marconi®). Extracts were then 
centrifuged at 805g for 4 min and the supernatant was used for the assay (HERALD et al., 
2014). All extractions and analyses were conducted in triplicates.  
 
4.2.6. Colorimetric phenolics determination 
Determination of total phenolic content of samples was performed using the Folin-
Ciocalteau method as described by Singleton et al. (1999). The samples and gallic acid 
standard curve (0.016 - 0.1 mg gallic acid.mL-1; y = 3.0161x - 0.0216; R² = 0.9915) were read 
at 725 nm. Results were expressed as mg gallic acid equivalent.g-1 of fresh matter.  
Total flavonoid concentration was quantified using the colorimetric method described 
by Herald et al. (2012). The samples and catechin standard curve (5-400 µg catechin.mL-1; y 
= 0.0022x - 0.0008; R² = 0.9995) were read at 510 nm. Results were expressed as mg catechin 
equivalent.g-1 of fresh matter.  
Total anthocyanin concentration was performed by the pH differential method described 
by Fuleki and Francis (1968), with modifications according to Awika et al. (2004b). The 
samples were read at 300 and 700 nm. Results were expressed as mg.100 g-1 of fresh matter.  
The condensed tannins were measured by vanillin/HCl reaction method, as offered by 
Price et al. (1978), with modifications according to Herald et al. (2014). The samples and 
catechin standard curve (50 - 400 µg catechin.mL-1; y = 0.0001x + 0.0016; R² = 0.997) were 
read at 500 nm. Results were expressed as mg catechin equivalent.g-1 of fresh matter.  
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Absorbance values of colorimetric assays were read in a microplate reader SynergyHT, 
Biotek (Winooski, USA); with Gen5™2.0 data analysis software spectrophotometer.  
 
4.2.7. HPLC flavonoids determination  
The main 3-deoxyanthocyanidins (luteolinidin, apigeninidin, 7-methoxy-apigeninidin, 
and 5-methoxy-luteolinidin), flavones (luteolin and apigenin) and flavanones (naringenin and 
eriodictyol) in all sorghum samples were analyzed from the extract prepared as described in 
section 2.5. 
The method proposed by Cardoso et al. (2014) was used to identify and quantify the 
flavonoids in the sorghum samples. Analyses were performed in a high performance liquid 
chromatography (HPLC) system (Shimadzu, SCL 10AT VP, Japan) equipped with diode 
array detector (DAD) (Shimadzu, SPD-M10A, Japan). The 3-deoxyanthocyanidins, flavones, 
and flavanones were measured at 485 nm, 340 nm, and 280 nm, respectively.  
Identification of the flavonoids was based on retention times and UV-Vis spectra of the 
commercial standards of luteolinidin chloride, luteolin, apigenin, naringenin, and eriodictyol 
were obtained from Sigma–Aldrich (St. Louis, MO, USA). The apigeninidin chloride was 
obtained from Chromadex (Santa Ana, CA, USA). Quantification of each compound was 
performed by comparing peak areas with those of a calibration curve constructed from 
injection, in duplicate, of six different standard concentrations. The 7-methoxy-apigeninidin, 
and 5-methoxy-luteolinidin were quantified using luteolinidin and apigeninidin standards, 
respectively, along with the appropriate molecular weight correction factor (DYKES et al., 
2009). The R2 of the calibration curve ranged from 0.9939 to 0.9992, limits of detection from 
18.98 to 35.12 ng.mL-1, and limits of quantification from 94.90 to 175.60 ng.mL-1. The 
compounds were expressed in μg.g-1 of sample.  
The recovery tests were conducted by addition of standards to the samples. The quantity 
of the standard added varied between 50 and 100% of the initial average concentration 
observed in samples. The percent recovery was calculated using the equation R = [Q(O+S)-
Q(O)/ Q(S)] where Q(S) is the quantity of analyte added (spike value) and Q(O + S) the 
quantity of analyte recovered from the spiked sample and Q(O) from the original sample. The 
recovery rates were: luteolinidin 94.3%; apigeninidin 96.2%; 5-methoxy-luteolinidin and 7-
methoxy-apigeninidin were not determinated; luteolin 92.9%; apigenin 94.3%; naringenin 





4.2.8. Antioxidant assay 
Sorghum samples antioxidant activities were determined by DPPH, ABTS +, FRAP and 
ORAC assays. The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay was done according to the 
method of Brand-Williams et al. (1995), with some modifications. A methanol solution 
containing 0.06 mM DPPH• was used. The decrease in absorbance of samples and Trolox 
standard curve (10-800 µM Trolox.L-1; y = -0.0003x + 0.4963; R² = 0.9928) was measured 
after 8 h of reaction and read at 515 nm (AWIKA et al., 2003b; HERALD et al., 2012). 
Results were expressed as µM Trolox.g-1 of fresh matter. 
The 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonate) radical cation (ABTS +) assay 
was based on a method developed by Miller et al. (1993), with modifications according to 
Rufino et al. (2010). The working solution was prepared by reacting 7 mM ABTS (2,2 
azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammoninum salt) stock solution with 140 
mM potassium persulfate after 16 h incubation in the dark at room temperature. The 
monitored decrease of absorbance over time (30 min with 1 min interval) was plotted and the 
differences between samples and control were calculated. The samples and Trolox standard 
curve (50-800 µM Trolox.L-1; y = -0.0002x + 1.0153; R² = 0.999) were read at 734 nm. 
Results were expressed as µM Trolox.g-1 of fresh matter.  
The ferric reducing antioxidant power (FRAP) of samples was determined according to 
Rufino et al. (2010). The FRAP reagent was prepared in the dark with 300 mmol.L-1 acetate 
buffer (pH 3.6), 10 mmol.L-1 TPTZ (2,4,6-tris(2-pyridyl)-S-triazine) in a 40 mmol .L-1HCl 
solution and 20 mmol.L-1 FeCl3. The samples and Trolox standard curve (10-1000 µM 
Trolox.L-1; y = 0.0009x + 0.0016; R² = 0.9929) were read at 595 nm. Results were expressed 
as µM Trolox.g-1of fresh matter. 
The oxygen radical absorbance capacity test (ORAC) was carried out adding 20 μL of 
samples extract or standard solutions, 120 μL of fluorescein diluted in phosphate buffer (pH 
7.4), and 60 μL of AAPH (2,2′-azobis (2-methylpropionamidine) dihydrochloride) to black 
microplates, in the dark (DÁVALOS et al., 2004). Trolox was used as standard and the 
microplate reader with fluorescent filters: excitation wavelength, 485 nm; emission 
wavelength, 520 nm. ORAC values were expressed in μmol Trolox equivalent per gram of 
sample by using the standard curves (2.5-80.0 μmol TE.L-1; y=0.607x+ 12.4; R2= 0.985) for 
each assay. The linearity between the net area under the curve and the concentration was 




The absorbances or fluorescences of these assays were read in a microplate reader 
SynergyHT, Biotek (Winooski, USA); with Gen5™2.0 data analysis software 
spectrophotometer. 
 
4.2.9. Estimated glycemic index  
Estimated glycemic index was determined through the in vitro starch hydrolysis 
procedure established by Goñi et al. (1997). Raw samples were weighed out into tubes and 10 
mL of HCl-KCl buffer (pH 1.5) and 0.2 mL of a solution containing 1 mg of pepsin from 
porcine gastric mucosa (P-7000, Sigma-Aldrich Inc.) were added. The samples were 
incubated at 40 °C for 60 min in a shaking water bath. After incubation, 15 mL of Tris-
Maleate buffer (pH 6.9) were added to adjust pH (6.75-7.10). Another 5 mL of Tris-Maleate 
buffer containing 2.6 UI of α-amylase from porcine pancreas (A-3176, Sigma-Aldrich Inc.) 
were added. The tubes were incubated in a water bath at 37 °C with agitation. Aliquots of 0.1 
mL were taken every 30 min from 0 to 180 min. For each aliquot, α -amylase was inactivated 
by placing the tubes in a boiling water bath for 5 min with vigorous shaking every 30 sec. 
Then, 1 mL of 0.4 M sodium-acetate buffer (pH 4.75) and 30 μL of amyloglucosidase from 
Aspergillus niger (A-1602, Sigma-Aldrich Inc.) were added. The samples were incubated at 
60 °C for 45 min to hydrolyze the starch into glucose. Finally, the glucose concentration was 
measured using the glucose oxidase-peroxidase kit.  
From the glucose measurement obtained during starch hydrolysis, the area under the 
hydrolysis curve (AUC) was calculated for each sample using the equation: 
 
AUC = C∞ (tf – to) – (C∞/k)[1 – exp [–k(tf – to]] 
 
where tf is the final time (180 min) and to is the initial time (0 min). The hydrolysis index 
(HI) was obtained by dividing the area under the hydrolysis curve of each sample by the 
corresponding area of a reference sample (fresh white bread). Finally, the estimated glycemic 
index (EGI) was predicted with the formula: 
 
EGI = 39.71 + (0.549 x HI) 
 
4.2.10. Correlations and statistical analysis  
Correlations among polysaccharides, phenolic compounds, specific flavonoids, 
antioxidant activity and estimated glycemic index of sorghum flour fractions were obtained 
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through Pearson’s correlation coefficient (r) (α = 5%). The results were analyzed by Analysis 
of Variance (ANOVA; α = 5%). For significant ‘‘F’’, the post hoc Tukey’s range test was 
used to determine significant differences among means (α = 5%). Data analyses were carried 
out with GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla, CA, USA) software. 
 
4.3. Results and discussion 
 
4.3.1. Sorghum flour, decortication and particle size distribution 
Decorticated sorghum grains and sorghum bran yielded 54.39% (m/m) and 27.78% 
(m/m), respectively. Broken grains or grains straw was around 10.48% (m/m); this fraction 
was discarded after weighing, and 7.35% (m/m) were a fine powder retained in the rice 
polisher considered as processing losses (Table 1). In this study, the efficiency of 
decortication of sorghum was 18% lower than those reported by Dlamini, et al. (2007). They 
archived 70% to 75% of yield using tannin sorghums decorticated by a Prairie Regional 
Laboratory dehuller (PRL) for 6 to 8 min. This yield was lower than shown by non-tannin 
sorghums. The authors highlighted that this lower yield could be linked to the grain hardness. 
Usually, tannin sorghum kernels are small, soft and floury. These features lead to kernels 
breakage into pieces and the pericarp cannot be removal without losing yields (GONZÁLEZ, 
2005; DLAMINI et al., 2007). In contrast, Awika et al. (2005) obtained approximately 30% 
high tannin brown sorghum (Sumac) bran yield in a tangential abrasive dehulling device 
(TADD) for 4 min, similar to the present study. Thus, the decortication method might 
influence grain and bran yield and should be considered according to the product to be 
obtained. 
 
Table 1: Yield of decorticated sorghum, bran, discarded material and processing losses in 
whole grains decortication. 
Grains fractions Yield (%) 
Decorticated grain 54.39 
Bran 27.78 
Discarded* 10.48 
Processing loss 7.35 




Most of whole sorghum flour (90.36%), decorticated sorghum flour (93.01%) and 
sorghum bran (93.44%) showed particle size between 0.5 mm and 0.25 mm (Figure 4). 
Particle size may directly affect macronutrient, such as carbohydrates, digestion rate. The 
smaller the particle size, the greater is the nutrient digestion rate due to an increase in relative 
surface for enzymes reaction (MAHASUKHONTHACHAT et al., 2010; AL-RABADI et al., 
2012). Sorghum flour exhibited this behavior as the primary determinant of starch digestion 
properties (MAHASUKHONTHACHAT et al., 2010). In this study, as sorghum samples had 
a similar particle size distribution, any differences among starch digestion could not be 























































Figure 4: Particle size distribution of whole sorghum flour (WSF), decorticated sorghum 
flour (DSF) and sorghum bran (SB) of the genotype SC 21. Treatments with different letters 
on bars within each sieve opening are significantly different (p<0.05). 
 
4.3.2. Proximate composition 
Sorghum bran (SB) presented the highest contents of protein, lipid, ash, total and 
insoluble dietary fiber (p<0.05). There was no difference in soluble fiber content between SB 
and WSF (p≥0.05) and DSF showed the lowest content (p<0.05). Available carbohydrates 
levels differed among samples. The highest was found in DSF (p<0.05) (Table 2). These 
results are in agreement with literature, which describes sorghum bran as rich in lipids, 
minerals and dietary fiber, while decorticated sorghum flour concentrated the highest content 
of carbohydrates (ABOUBACAR et al., 2006). Overall, grains are not a good source of 
soluble fiber (KUMAR et al., 2012); which are shown by the same soluble fiber content 
between SB and WSF; and between WSF and DSF. Furthermore the content of soluble fiber 
was the same between DSF and WSF and significantly higher in DSF compared to SB. 
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Moreover, Buitimea-Cantúa et al. (2013) reported that with increase in decortication time, 
flour from remaining grains have decreasing ash, protein and lipid contents while 
carbohydrate content rises. 
 
Table 2: Proximate composition and polysaccharides content of whole sorghum flour (WSF), 
decorticated sorghum flour (DSF) and sorghum bran (SB) of the genotype SC 21. 
Components WSF DSF SB 
Nutrients    
Proteins 11.67b±0.13 9.89c±0.00 14.59a±0.10 
Lipids 2.80b±0.19 1.07c±0.00 6.99a±0.11 
Carbohydrates 48.36b±0.03 67.78a±0.44 24.92c±0.78 
Total dietary Fiber 26.34b±0.13 11.53c±0.25 41.38a±0.77 
Insoluble Fiber 25.37b±0.27 11.28c±0.21 40.21a±1.05 
Soluble Fiber 0.97ab±0.14 0.25b±0.03 1.17a±0.28 
Ash 1.88b±0.02 0.68c±0.05 4.25a ±0.04 
Moisture 8.87a±0.17 8.92a±0.22 7.89b±0.01 
kcal.100g-1 265.29 320.27 220.97 
Polysaccharides    
β-glucan  0.12b±0.01 0.056c±0.01 0.21a±0.01 
Resistant starch 24.41a±1.02 7.30c±0.12 10.97b±0.71 
Non-resistant starch 20.43b±0.09 61.15a±0.56 4.50c±0.33 
Total starch 44.85b±1.1 68.46a±0.65 15.95c±0.12 
Data are expressed as means values ± standard deviation (g.100 g-1). Treatments with 
different letters within each line are significantly different (p<0.05). 
 
4.3.3 Polysaccharides 
There were differences in resistant starch (RS) content among the sorghum samples, 
which was higher in WSF (p<0.05) (Table 2). SB presented the lowest non-resistant starch 
and total starch contents, while DSF showed an opposite behavior (p<0.05) (Table 2).  In this 
study, RS contents were 7.30% (m/m), 10.97% (m/m) and 24.41% (m/m) in DSF, SB and 
WFS, respectively. Recently, Souilah et al. (2014) reported lower RS values (2.5% to 15%) in 
whole flours of nine non-tannin sorghum genotypes. However, tannins may increase RS 
content by binding to amylose and reducing α-amylase activity (BARROS et al., 2012; 
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MKANDAWIRE et al., 2013). Thus, the difference in whole sorghum flour RS contents 
between both studies may be explained by the presence of tannins. 
SB showed the highest β-glucan content (0.21%), while DSF the lowest value (0.056%). 
Niba and Hoffman (2003) reported 0.12% of β-glucan content in unprocessed sorghum 
samples, which is similar to WSF data. Non-starch polysaccharides (NSP) such as β-glucans 
are concentrated in the pericarp; however, small amounts can also be found in the endosperm 
(VERBRUGGEN et al., 1993). Our results corroborate this information by concentrating this 
compound 3.75 fold in SB and 1.75 fold in WFS than in DSF.  
 
4.3.4. Phenolics determination (colorimetric and HCPL) and antioxidant activity 
There were differences in phenolics contents and antioxidant activity among all 
sorghum samples (p<0.05). Total phenolics, total anthocyanins, total flavonoids, condensed 
tannins and specific flavonoids were all concentrated in SB, as well as antioxidant activity 
measured by DPPH, ABTS, FRAP and ORAC (p<0.05). Lowest levels of these compounds 
and antioxidant activity were found in DSF (p<0.05) (Table 3).  
Whole sorghum flour showed, approximately, 4 fold less luteolinidin, apigeninidin, 7-
methoxy-apigeninidin, and 5-methoxy-luteolinidin than SB, while these compounds were 
found, in average, in concentrations 25 fold less in DSF. Dykes et al. (2009) reported, in 13 
sorghum genotypes, a range of 0.4 - 282.6 µg.g-1 of  luteolinidin; 0.4 to 166.2 µg.g-1 of 
apigeninidin and their methoxy forms in concentrations of 0.2 - 153.5 µg.g1 and 0.4 - 137.4 
µg.g-1, respectively. Besides 3-deoxyanthocyanins, other phenolics, such as flavones (luteolin 
and apigenin) and flavanones (naringenin and eriodictyol), were identified in sorghum 
(DYKES et al., 2009; CARDOSO et al., 2014). In the present study, these compounds were 
found in all sorghum flour fractions. Sorghum phenolic types influence antioxidant activity 
and also contribute to starch digestibility reduction through resistant starch increase. Barros et 
al. (2012) reported that tannin sorghum extracts in concentration 5% and 10% of starch basis 
had higher resistant starch formation than the black (rich in 3-deoxyanthocyanin) extract. 
Nevertheless, in the higher concentration (10% starch basis) black extract produced similar 
resistant starch content in normal corn starch compared to tannin sorghum extract. Thus, the 
presence and the level of these anthocyanins may have a positive effect on resistant starch 




Table 3: Phenolic compounds content and antioxidant activity measured by DPPH, ABTS, 
FRAP and ORAC of whole sorghum flour (WSF), decorticated sorghum flour (DSF) and 
sorghum bran (SB) of the genotype SC 21. 
Analysis WSF DSF SB 
      Phenolic compounds    
Total phenolics  8.33b±0.55 1.44c±0.10 31.95a±0.81 
Condensed tannins  8.63b±0.89 0.54c±0.01 35.48a ±4.57 
Total anthocyanins  11.49b±0.08 2.68c±0.05 24.83a±0.36 
Total flavonoids  6.59b±0.40 0.63c±0.00 28.46a±1.02 
      Specific flavonoids     
Luteolinidina 46.24b±2.64 8.63c± 0.40 197.20a±6.16 
Apigeninidina 187.30b±13.25 27.57c±0.99 762.30a±8.76 
5-methoxy-luteliolinidina 39.09b±1.12 5.83c±0.19 169.10a±6.73 
7-methoxy-apigeninidina 155.70b±3.41 23.09c±0.22 548.80a±6.79 
Luteolina 25.27b±1.82 4.04c±0.34 137.7a±5.75 
Apigenina 12.00b±0.64 3.06c±0.06 41.04a±1.73 
Naringenina 24.68b±4.31 12.21c±0.47 87.50a±7.14 
Eriodictyola 15.56b±0.43 5.18c±0.13 62.16a±2.36 
     Antioxidant activity    
DPPH 355.40b±0.40 227.90c±4.54 651.00a±37.49 
ABTS 180.70b±6.38 43.09c±2.73 581.50a±49.55 
FRAP 90.74b±6.05 10.62c±0.93 307.40a±15.42 
ORAC 239.30b±21.69 44.63c±8.69 445.40a±44.10 
Data are expressed as means values ± standard deviation. Total phenolics are expressed as mg 
gallic acid equivalent.g-1.Total flavonoids and condensed tannins are expressed as mg 
catechin equivalent.g-1. Total anthocyanins are expressed as mg.100 g-1. Specific flavonoids 
are expressed as µg.g-1. Antioxidant activities are expressed as µM Tolox.g-1. Treatments with 
different letters within each line are significantly different (p<0.05).  a Peak areas were 
determined at 485 nm, 340 nm, and 280 nm for 3-deoxyanthocianidins, flavones, and 
flavanones, respectively.  
 
Grain decortication is the main method to obtain bran, which concentrates phenolic 
compounds. Awika et al. (2005) reported the highest concentration of these compounds in the 
bran after 1 min of decortication. However, an increase in decortication time increases 
endosperm exposure to breakage, which leads to dilution of the phenol contents in the bran 
due to endosperm contamination (AWIKA et al., 2005). In addition, decortication time for 
brown tannin sorghum to achieve the highest concentration of phenol was 2 min. At this time, 
the testa layer, where most of the tannin content is found, was reached. Awika et al. (2004b) 
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reported that concentration of total phenolics, DPPH, ABTS and ORAC antioxidant activities 
were in average 3.5 fold higher in brown tannin sorghum bran than in the respective whole 
grain. In the present study, these ratios (bran/whole grain) were 3.8, 1.8, 3.2, 1.8 and 3.3 for 
total phenolics, DPPH, ABST, ORAC and FRAP methods, respectively. Although some 
studies do not correlate FRAP to ORAC and the other antioxidant capacity methods, 
measuring this capacity through different antioxidant aspects provides a more complete 
antioxidant profile of the studied samples (AWIKA et al., 2003b; MAGALHÃES et al., 
2008). 
On the other hand, while decortication decreases phenolics and antioxidant activity in 
sorghum, the remaining decorticated grains may improve color, reduce astringency and 
improve digestibility of sorghum products (ABOUBACAR et al., 2006). It should be 
highlighted that sorghum decortication provides distinct products which may be applied in 
different food industry fields according to target consumers. 
 
4.3.5. Estimated glycemic index  
Whole sorghum flour, decorticated sorghum flour and sorghum bran presented lower 
values of AUC, HI and EGI compared to the reference food (white bread) and there were 
differences among all sorghum samples (p<0.05) (Figure 5). AUC of white bread was 
10560.0 ± 55.43, while DSF, WSF and SB corresponded to 84.52% (8925.5 ± 79.77); 68.26% 
(7209.9 ± 65.19); and 37.46% (3956.25 ± 150.6) of this value, respectively (p<0.05) (Figure 
5A and 5B). The AUC profile is demonstrated in Figure 5A. In agreement with AUC results, 
the highest HI value was in DSF (84.5 ± 0.75); WSF showed an intermediate value (68.3 ± 
0.61) and SB had the lowest HI (37.5 ± 1.42) (p<0.05) (Figure 5B). In this study, the EGI of 
the wheat bread was 94.6 ± 0.29. DSF decreased the EGI value only in 8.98% (84.5 ± 0.41), 
while the reductions were 18.39% in WSF (77.2 ±0.33) and 63.74% in SB (60.3 ± 0.78) 
(p<0.05) (Figure 5B).  
According to the glycemic index classification (GI) (high: GI ≥70; intermediate: GI 56-
69; or low: GI ≤55), the samples from the present study can be classified as having a high GI 
for WSF and DSF and an intermediate GI for SB (BRAND MILLER et al., 2003). Literature 
is limited on EGI data for whole sorghum flour and flours from decorticated sorghum 
fractions. The EGI of WSF was similar to others described in literature for non-tannin 
sorghum flours, which ranged between 63.19 and 83.36 (SOUILAH et al., 2014). The AUC 
and EGI behavior for WSF and DSF were similar to sorghum products. Porridges and 
extruded products made with whole tannin sorghums were more slowly digested and showed 
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lower EGI than that made with decorticated tannin sorghums (SILLER, 2006). Furthermore, 
due to the highest tannin content and dietary fibers, SB was expected to show lower EGI 
values. However, the long decortication time, which would have allowed bran contamination 
with the sorghum endosperm starch, may have influenced a higher EGI. Thus, sorghum 
decortication time adequacy could provide purer bran with a higher phenolics concentration 
and lower EGI.  












































































































Figure 5: A) In vitro starch digestibility of whole sorghum flour (WSF), decorticated 
sorghum flour (DSF) and sorghum bran (SB) from 0 to 180 minutes; B) Hydrolysis Index 
(HI) and estimated glycemic index (EGI) and area under the curve (AUC) of whole sorghum 
flour (WSF), decorticated sorghum flour (DSF) and sorghum bran (SB). Means followed by 
the same capital letters on white bars are not significantly different (p<0.05). Means followed 
by the same small letters on gray bars are not significantly different (p<0.05). Means followed 
by the same symbols on rhombus are not significantly different (p<0.05). 
 
4.3.6. Correlations 
Phenolic compounds, specific flavonoids and antioxidant activity of sorghum flour 
samples were all negatively correlated to EGI (p<0.05) (Table 4). Person's correlation ranged 
from -0.9985 to -0.9680 for total anthocyanins and naringenin, respectively. Likewise, R-
squared (r2) ranged from 0.9970 to 0.9370 for the same compounds, respectively (p<0.05). 
The addition of sorghum phenolic extracts in different sources of starch is reported to 
decrease starch digestibility and EGI, and increase RS (BARROS et al., 2012; LEMLIOGLU-
AUSTIN et al., 2012). These effects are usually linked to sorghum tannins and anthocyanins 
(BARROS et al., 2012; LEMLIOGLU-AUSTIN et al., 2012; MKANDAWIRE et al., 2013). 
According to Barros, et al. (2012), the starch digestibility decrement could be explained due 
to a strong tannin and starch molecule interaction, forming insoluble complexes. These 
authors highlighted that this interaction is greater for tannin molecules than other simple 
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phenolics in sorghum. In this study, besides confirming the correlation between these 
compounds and EGI, for sorghum flour samples, this correlation has been extended to specific 
sorghum phenolics such as 3-deoxyanthocyanidins (luteolinidin, apigeninidin, 7-methoxy-
apigeninidin, and 5-methoxy-luteolinidin), flavones (luteolin and apigenin) and flavanones 
(naringenin and eriodictyol). Dlamini, et al. (2007) also reported that sorghum antioxidant 
activity was positively correlated to phenolics and tannins contents; in this study, sorghum 
flour samples with higher antioxidant activity, determined by DPPH, ABTS, FRAP and 
ORAC methods, had lower EGI. Although sorghum flour samples have been classified as 
having high and intermediate glycemic index, other sorghum genotypes with higher phenolic, 
anthocyanin and tannin contents may decrease this index further. 
Whereas NSP such as total, insoluble and soluble dietary fiber and β-glucan were 
negatively correlated to EGI (-0.8308 ≤ r ≤ -0.9883; 0.6901 ≥ r2 ≥ 0.9767 for insoluble fiber 
and soluble fiber, respectively), non-resistant starch (r = 0.9160; r2 = 0.8391) and total starch 
(r = 0.9937; r2 = 0.9875) were positively correlated to EGI (p<0.05) (Table 4).  Furthermore, 
RS content was not correlated to EGI (r = -0.03897; r2 = 0.0015) (p≥0.05). Through changes 
in small intestine viscosity, nutrient absorption and fermentation of NSP could reduce 
postprandial glycemia (KUMAR et al., 2012). As shown in the present study, NSP content 
varied between sorghum flour samples and those with higher contents of these compounds 
showed lower EGI results. Although RS is classified as NSP, this compound did not correlate 
to EGI. Barros, et al. (2012) demonstrated that sorghum tannin extracts have a greater role in 
the formation of RS through hydrophobic interactions mainly with amylose structure. Thus, 
higher tannin content increases RS and reduces starch digestibility. However, they also 
reported that in the higher extracts concentration (20% of extracts) RS formation in normal 
corn starch by tannin sorghum extract and black sorghum extract were similar. In this study, 
the RS formation was not exacerbated when the SB tannin concentration increased 4 fold and 
carbohydrates decreased, approximately, 2 fold compared to WSF. This effect was observed 
when tannins and carbohydrates were together in sorghum matrix fractions and may have 
affected RS formation in a different fashion compared to other starch matrices. Therefore, 
besides tannin-enzyme interactions, the lower carbohydrate content could have a negative 




Table 4: Pearson's correlations of polysaccharides, phenolic compounds, anthocyanins, 
flavones, flavanones and antioxidant activities of sorghum flour fractions with estimated 
glycemic index (EGI). 
Correlation r r2 
     Polysaccharides   
Insoluble fiber -0.9883*** 0.9767 
Soluble fiber -0.8308* 0.6901 
Total dietary fiber -0.9865*** 0.9732 
β-glucan  -0.9801*** 0.9606 
Resistant starch -0.03897ns 0.0015 
Non-resistant starch 0.9160*** 0.8391 
Total starch 0.9937*** 0.9875 
    Phenolic compounds   
Total phenolics -0.9896*** 0.9792 
Condensed tannins  -0.9832*** 0.9668 
Total flavonoids  -0.9872*** 0.9745 
Total anthocyanins  -0.9985*** 0.9970 
    Specific flavonoids   
Luteolinidin -0.9838 *** 0.9678 
Apigeninidin -0.9874*** 0.9750 
5-methoxy-luteliolinidin -0.9854*** 0.9709 
7-methoxy-apigeninidin -0.9924*** 0.9849 
Luteolin -0.9751*** 0.9507 
Apigenin -0.9901*** 0.9804 
Naringenin -0.9680*** 0.9370 
Eriodictyol -0.9795*** 0.9595 
    Antioxidant activity   
DPPH -0.9925*** 0.9851 
ABTS -0.9910*** 0.9821 
FRAP -0.9936*** 0.9873 
ORAC -0.9728*** 0.9464 
r = Pearson correlation, r2 = R-squared; ns = non significant; * = correlation was significant 
(p<0.05) (2-tailed); *** = correlation was significant (p<0.01) (2-tailed). 
 
Tannin-starch molecules interaction and/or tannin-enzyme interaction may have 
reflected in non-resistant starch and total starch content results. Mkandawire, et al. (2013) 
reported that sorghum tannin extracts, in a concentration dependent manner, reduced amylase 
activity when they were combined before starch addition. However, this was not observed 
when tannin was first combined to starch. The high concentration of tannins in sorghum bran 
may have favored enzyme activity inhibition. Thus, as α-amylase could not act on amylose 
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structure, non-resistant starch could be leached in the buffer and no subsequent 
amyloglucosidase digestion occurred either. In this way, glucose was not released and it was 
not counted as non-resistant starch and total starch. It should be highlighted that Mkandawire, 
et al. (2013) evaluated sorghum tannin extract interactions to sorghum starch matrix and other 
starch matrices. In the present study, the effect of tannins interactions with sorghum starch 




The decortication of sorghum in a rice-polisher afforded sorghum bran concentrated in 
protein, lipid, ash, β-glucan, total and insoluble dietary fiber as well as phenolics contents and 
antioxidant activity. Adversely, total and non-resistant starches were higher in decorticated 
sorghum flour, whereas resistant starch was higher in whole sorghum flour. 
Decorticated sorghum flour had the highest EGI followed by whole sorghum flour and 
sorghum bran. The two first were classified as high GI and the last one was intermediate GI. 
Estimated glycemic index was negatively correlated to phenolic compounds, specific 
flavonoids and antioxidant activity as well as total, insoluble and soluble dietary fiber and β-
glucan. However, RS did not correlate to EGI. 
Decortication of sorghum in a rice-polisher is an alternative method to obtain total use 
of sorghum grains intended for food industry and provides an important source of healthy 
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This work aimed to evaluate antioxidant capacity of whole sorghum flour (WSF), 
decorticated sorghum flour (DSF) and sorghum bran (SB) of the genotype SC 21 and their 
effects on antioxidant capacity and oxidative status in diet-induced obese rats. Antioxidant 
capacity was determined by DPPH, ABTS, FRAP and ORAC assays. Thirty Wistar rats were 
divided in lean control group (AIN-93M), high fat-fructose (HFF), HFF added with WSF, 
DSF and SB for 12 weeks. Plasma and liver antioxidant enzymes (GPx, GRd, CAT and 
SOD), reduced glutathione (GSH) content, ferric reducing antioxidant power (FRAP), and 
lipid peroxidation (TBARS) were measured. Plasma GSH level of HFF-WF group and plasma 
TBARS of all sorghum diets were improved. Liver GPx activity was ameliorated in sorghum 
diets, while liver CAT and GRd showed a higher activity in HFF-WF and HFF-SB. There was 
no correlation between phenolics content and enzymatic and non-enzymatic enzymes nor 
regarding FRAP and TBARS in both analyzed biological samples. Sorghum flour fractions 
improved liver CAT, GRd and GPx activities and decreased plasma lipid peroxidation. 
Although there was no straight relationship between in vitro phenolic content and in vivo 
antioxidant status, sorghum diets with antioxidant compounds showed a slight improvement 
in antioxidant status.  
 
Key words: Sorghum bicolor (L.) Moench, phenolic compounds, grain decortication, 





In aerobic living organism oxidative stress is featured as an imbalance between reactive 
oxygen and nitrogen production and its elimination by endogenous and exogenous antioxidant 
defense systems (LUSHCHAK, 2014). Obesity and associated noncommunicable diseases, 
often caused by excessive caloric intake, have been accused to increase oxidative stress in 
different tissues also depleting antioxidant enzymes and reduced glutathione levels 
(NOEMAN et al., 2011; MARINELI et al., 2015). Nevertheless, recent literature has raised 
evidences that food polyphenols may reduce these diseases risks by reducing oxidative stress, 
mainly, through their antioxidant properties (NOEMAN et al., 2011; DEL RIO et al., 2013; 
SANTHAKUMAR et al., 2014).  
Sorghum has joined this scenario as a source of unique phenolic compounds, 
carbohydrate and dietary fiber, which can be added to starch-based foods as diet modification, 
to improve caloric profile intake and also reducing the risk of obesity and noncommunicable 
diseases (AWIKA et al., 2005; DUNN et al., 2015; SHEN et al., 2015). Whole sorghum 
flour, bran and phenolic extract have been studied in an attempt to better understand the effect 
and mechanisms of sorghum consumption on these diseases, however, they are still limited 
and uncertain (LEWIS, 2008; MORAES et al., 2012a; AJIBOYE et al., 2013; KHAN et al., 
2015). 
Additionally, sorghum grains processing, such as decortication (abrasive milling) 
produces different flours regarding approximate composition, dietary fiber and phenolic 
amount (AWIKA et al., 2005; MORAES et al., 2015). Our previous in vitro study showed 
that sorghum decortication process concentrated dietary fiber, phenolic compounds and 
antioxidant capacity in sorghum bran besides the lowest estimated glycemic index. On the 
other hand, decorticated sorghum grains flour have opposite behavior (MORAES et al., 
2015). It may suggest that the consumption of these flours might result in different metabolic 
outcomes. Thus, we hypothesized that diets containing sorghum flours fractions with different 
phenolic amount would enhance antioxidant capacity and oxidative status in rats fed with a 
high fat-fructose. Therefore, this work aimed to evaluate antioxidant capacity of whole 
sorghum flour (WSF), decorticated sorghum flour (DSF) and sorghum bran (SB) of the 
genotype SC 21 and their effects on antioxidant capacity and oxidative status in diet-induced 





5.2. Material and methods 
5.2.1. Sorghum sample and approximate composition 
Sorghum SC 21 genotype with brown pericarp and pigmented testa (condensed 
tannins), previous selected among 100 genotypes due to high antioxidant capacity, was grown 
in the experimental field of Embrapa Maize and Sorghum, Sete Lagoas, MG, Brazil, in 
February 2012. The experimental plots were composed of two rows of three meters, with 
spacing of 0.50 m between rows. The fertilization at planting consisted of the application of 
300 kg.ha-1 of formulated 08-28-16 (NPK). After 25 days of planting, fertilization with 50 
kg.ha-1 nitrogen was performed. Whole sorghum flour (WSF) and decortication process to 
obtain decorticated sorghum flour (DSF) and sorghum bran (SB) were described by Moraes et 
al. (2015) such as approximate composition of each flour.  
 
5.2.2. Sample extraction, total phenolics and antioxidant activities   
Total phenolics content and antioxidant activities were determined by oxygen radical 
absorbance capacity test (ORAC), 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonate) radical 
cation (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing antioxidant power 
(FRAP)  assays. Samples of 0.5 g were extracted in 10 mL of aceton:water 70:30 (v/v) for 2 h 
under mechanical shaking at low speed (Marconi®). Then it was stored at -20 °C in the dark 
overnight. Samples were then equilibrated at room temperature and centrifuged at 2790g for 
10 min. Sample residues were rinsed with two additional 10 mL volumes of solvent with 
shaking for 5 min, centrifuging at 2790g for 10 min. The three aliquots were mixed and stored 
at -20 °C in the dark until analysis within 24 h (AWIKA et al., 2005). 
Total phenolic content was measured by Folin–Ciocalteu method (SINGLETON et al., 
1999). Samples and gallic acid standard curve (0.016 - 0.1 mg gallic acid. mL-1; y = 3.0161x - 
0.0216; R2 = 0.9915) were read at 725 nm. Results were expressed as mg gallic acid 
equivalent.g-1 of fresh matter. 
ORAC was carried out adding 20 μL of samples extract or standard solutions, 120 μL of 
fluorescein diluted in phosphate buffer (pH 7.4), and 60 μL of AAPH (2,2′-azobis (2-
methylpropionamidine) dihydrochloride) to black microplates, in the dark (DÁVALOS et al., 
2004). Trolox was used as standard and the microplate reader with fluorescent filters: 
excitation wavelength, 485 nm; emission wavelength, 520 nm. ORAC values were expressed 
in μM Trolox equivalent per gram of sample by using the standard curves (2.5-
80.0 μM TE.L−1; y=0.623x+ 8.86; R2= 0.980) for each assay. Linearity between the net area 
54 
 
under the curve and the concentration was checked for samples and fluorescence readings 
were used for appropriate calculations. 
ABTS assay was based on a method developed by Miller et al. (1993), with 
modifications according to Rufino et al. (2010). The working solution was prepared by 
reacting 7 mM ABTS (2,2 azinobis (3-ethylbenzothiazoline-6-sulfonic acid) diammoninum 
salt) stock solution with 140 mM potassium persulfate after 16 h of incubation in the dark at 
room temperature. The monitored decrease of absorbance over time (30 min with 1 min 
interval) was plotted and differences between samples and control were calculated. Samples 
and Trolox standard curve (50-800 µM Trolox.L-1; y = -0.0002x + 1.0153; R² = 0.999) were 
read at 734 nm. Results were expressed as µM Trolox.g-1 of fresh matter.  
DPPH assay was done according to Brand-Williams et al. (1995) method with some 
modifications. A methanol solution containing 0.06 mM DPPH• was used. The decrease in 
absorbance of samples and Trolox standard curve (10-800 µM Trolox.L-1;y = -0,0004x + 
0,3686; R² = 0,9969) was measured after 8 h of reaction and read at 515 nm (AWIKA et al., 
2003b; HERALD et al., 2012). Results were expressed as µM Trolox.g-1 of fresh matter. 
FRAP of samples was determined according to Benzie and Strain (1996). Under dark 
conditions, FRAP reagent was prepared with 300 mmol.L-1 acetate buffer (pH 3.6), 10 
mmol.L-1 TPTZ in a 40 mmol.L-1 HCl solution and 20 mmol.L-1 FeCl3. Samples or standard 
solutions, ultrapure water and FRAP reagent were mixed and kept in a water bath for 30 min 
at 37 °C. After cooling to room temperature, samples and standard were read at 595 nm. 
Samples and Trolox standard curve (10-1000 µM Trolox.L-1; y = 0.0009x + 0.0016; R² = 
0.9929) were read at 595 nm. Results were expressed as µM Trolox.g-1 of fresh matter. 
Absorbances or fluorescences of these assays were read in a microplate reader 
SynergyHT, Biotek (Winooski, USA); with Gen5™2.0 data analysis software 
spectrophotometer. All extractions and analyses were conducted in triplicates.  
 
5.2.3. Animals and experimental diets 
This work was approved by the Ethics Commission on Animal Use (CEUA/ 
UNICAMP) protocol n°. 3003-1 (Anexo III). Thirty (20 to 23-days-old) male Wistar rats 
obtained from the Multidisciplinary Center for Biological Investigation, University of 
Campinas. Rats were kept in individual cages for growth with free access to water and chow 
diet for 4 weeks and were maintained under controlled conditions (22 ± 1 ºC, 60-70% 
humidity, 12 hours light/dark cycle). After growth, animals were separated by weight (185.01 
g ± 11.23) and assigned to one of five diets (n= 6/group) for 12 weeks. Experimental diets 
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were formulated from purified ingredients according to American Institute of Nutrition 
(REEVES et al., 1993) with protein concentration of 12% (AIN-93M). Lean control group 
was fed with AIN-93M diet; high fat-fructose group (HFF) received diet containing 4% (w/w) 
soybean oil, 31% (w/w) lard and 20% fructose (w/w) (MARINELI et al., 2015). Sorghum 
diets groups received HFF diet added to whole sorghum flour (HFF-WSF), decorticated 
sorghum flour (HFF-DSF) and sorghum bran (HFF-SB). Whole sorghum flour and sorghum 
bran were added to the diets in sufficient amounts to provide 100% of dietary fiber 
recommendation (5% of cellulose fiber); and decorticated sorghum flour replaced all corn 
starch (13.08g.100g-1) (Table 5). Diets were prepared monthly and packed in dark 
polyethylene bags and stored at -20 ºC to minimize the oxidation of fatty acids. Weight gain 
was monitored weekly and the food intake every 2 days. 
 
Table  5:  Composition of AIN-93M diet, high fat-fructose (HFF), HFF diet added to whole 
sorghum flour (HFF-WSF), decorticated sorghum flour (HFF-DSF) and sorghum bran (HFF-
SB) of genotype SC 21. 
Ingredients 
Experimental diets 
AIN-93M HFF HFF-WSF HFF-DSF HFF-SB 
Casein 14.63 14.63 12.41 12.72 12.86 
Maltodextrin  15.50 4.46 4.46 2.58 4.46 
Corn starch 45.93 13.08 1.84 0.00 8.61 
Sucrose 10.00 2.88 2.88 2.88 2.88 
Fructose 0.00 20.00 20.00 20.00 20.00 
Soya oil 4.00 4.00 3.46 3.79 3.15 
Lard 0.00 31.00 31.00 31.00 31.00 
Whole sorghum flour 0.00 0.00 18.98 0.00 0.00 
Decorticated sorghum flour 0.00 0.00 0.00 19.30 0.00 
Sorghum bran 0.00 0.00 0.00 0.00 12.08 
Cellulose 5.00 5.00 0.00 2.77 0.00 
Mineral mix 3.50 3.50 3.50 3.50 3.50 
Vitamin mix 1.00 1.00 1.00 1.00 1.00 
Choline Bitartrate 0.25 0.25 0.25 0.25 0.25 
L-cystine 0.18 0.18 0.18 0.18 0.18 
TBHQ 0.08 0.08 0.08 0.08 0.08 
Kcal.g-1 3.81 5.35 5.27 5.28 5.29 






5.2.4. Blood and tissue collection 
Animals were euthanized by decapitation preceded by 12-hour-fasting after 12 weeks of 
experimental period. Blood samples were collected in polyethylene tubes with anticoagulant 
(EDTA) and centrifuged at 3000 g for 15 min at 4 ºC to obtain plasma, which was stored at -
80 °C until analysis.  
Liver was firstly harvested, rinsed with saline and weighed. Homogenates were 
prepared in a ratio of about 100 mg wet liver tissue per 1 mL of 50 mmol.L-1 phosphate buffer 
(pH 7.4) or 5% trichloroacetic acid (TCA) solution using a homogenizer (MA102/Mini, 
Marconi, Piracicaba – SP, Brazil). The homogenates were used in antioxidant enzyme and 
reduced glutathione content assays, respectively. Another liver aliquot was also freeze-dried, 
manually ground and kept at -80 °C until analysis of lipid peroxidation. 
Analyses were carried out in triplicates in plasma and liver homogenates. Protein 
concentration of liver homogenates was determined by Bradford method (BRADFORD, 
1976). Absorbances were read in a microplate reader Synergy HT, Biotek (Winooski, VT, 
USA); with Gen5™ 2.0 data analysis software spectrophotometer. 
  
5.2.5. Enzymatic and non-enzymatic endogenous antioxidant system in plasma and liver 
Superoxide dismutase activity (SOD) was determined  according to Winterbourn et al. 
(1975). One hundred microliters of each appropriately diluted sample was pipetted in 96-well 
microplate and added 150 μL of  working solution prepared with 0.1 mmo.L-1 Hypoxanthine, 
0.07 U Xanthine oxidase, and 0.6 mmo.L-1 Nitroblue tetrazolium (NTB) in 0.1M phosphate 
buffer, pH 7.4 (1:1:1; v/v). The kinetic reaction was monitored at 560 nm for 10 min. The area 
under the curve was calculated to express SOD activity as U.mL-1 plasma or U. mg−1of 
protein. 
Catalase activity (CAT) assay was determined using the reaction of the enzyme with 
methanol in optimum concentrations of hydrogen peroxide (H2O2) (JOHANSSON e HÅKAN 
BORG, 1988; WHEELER et al., 1990). Twenty microliters of samples were pipetted in 96-
well microplate with 100 µL assay buffer, 30 µL methanol and 20 µL H2O2. The reaction 
occurred for 20 min in shaker, protected from light, then it was stopped using 30 µL of 
potassium hydroxide. After incubation (10 min.) with 30 µL of purpald and 10 µL of 
potassium periodate (10 min.) samples were read at 540 nm. Formaldehyde standard curve 
(30-140 mmol formaldehyde.L-1; y = 0,003x + 0.0468; R² = 0,9803) was used for calculate 
catalase activity. Results were expressed as nmol.min-1.mL-1plasma or nmol.min-1.g-1 protein. 
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Glutathione peroxidase activity (GPx) was quantified according to Flohe and Günzler 
(1984). This assay is based on the oxidation of 10 mmol.L-1 reduced glutathione by 
glutathione peroxidase coupled to the oxidation of 4 mmol.L-1 NADPH by 1 U enzymatic 
activity of GR in the presence of 0.25 mmol H2O2. NADPH oxidation rate was monitored by 
the decrease in absorbance at 365 nm. Results were expressed as nmol NADPH 
consumed.min-1.mL-1 plasma or nmol NADPH consumed.min-1.mg-1 protein. 
Glutathione reductase activity (GRd) was measured according to Carlberg and 
Mannervik (1985). The decrease in absorbance was monitored at 340 nm after induction with 
1 mmol.L-1 oxidized glutathione in the presence of 0.1 mmol.L-1 NADPH in phosphate buffer. 
Results were expressed in nmol NADPH consumed.min-1.mL-1 plasma or nmol NADPH 
consumed.min-1.mg-1 protein.  
Reduced glutathione content (GSH) levels were determined in plasma and liver TCA 
homogenates by Ellman's reaction with acid 5,5’-dithiobis-2-nitrobenzoic (DTNB) 
(ELLMAN, 1959). GSH (G4251 Sigma-Aldrich) solution standard curve (2.5–500 nmol 
GSH.mL-1; y = 0,0044x – 0.0007; R² = 0,9999) was used to calculated GSH concentrations. 
Samples were read at 412 nm and GSH results were expressed in nmol.mL-1 plasma or 
nmol.µg-1 protein.  
 
5.2.6. Lipid peroxidation assay in plasma and liver 
Lipid peroxidation was determinate through thiobarbituric acid reactive substances 
(TBARS) assay according to Ohkawa et al. (1979), with modifications. Ten miligrams of 
freeze-dried liver were sonicated in ice bath for 30 min in 1 mL of acetate buffer (pH 3.6) or 
100 uL of plasma were used in the assay. It was added in the samples a working solution 
prepared with 8.1% sodium dodecyl sulphate (SDS), 2-thiobarbituric acid (TBA) powder, 
20% acetic acid and 5% sodium hydroxide. After incubation at 95 °C for 60 min, samples 
were cooled in an ice bath for 10 min and then centrifuged at 10,000 g for 10 min at 4 °C. The 
supernatant was read at 532 nm using a 96-well microplate. Standard curve was obtained 
using malondialdehyde standard (MDA) (#10009202, Cayman Chemical Company, Ann 
Arbor, MI, USA) (0.625–85 nmol MDA.mL-1; y = 0,0048x + 0,0705; R² = 0,9687). Results 
were expressed in nmol MDA.mg-1 dry tissue or nmol MDA.mL-1 plasma.  
 
5.2.7. Ferric reducing antioxidant power assay in plasma and liver 
Antioxidant potential of plasma and liver was measured through FRAP (BENZIE e 
STRAIN, 1996). Samples were first treated with ethanol:ultrapure water (2:1; v/v) and 0.75 
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mol.L-1 metaphosphoric acid, then centrifuged at 14000 g for 5 min at 4 °C and the 
supernatant removed (LEITE-LEGATTI et al., 2012). After samples preparation FRAP assay 
was carried out as described in 5.2.2 item. Standard curve was obtained using Trolox (5–1000 
μM.L-1 Trolox; y = 0,0009x + 0.0376; R² = 0,9992) to expressed the results in μM Trolox 
equivalent.mL-1 plasma or μM Trolox equivalent.g-1 of protein. 
 
5.2.8. Statistical analysis 
Data are expressed as mean values ± standard deviation. Differences on phenolic 
compounds and antioxidant assays among sorghum flours fractions and differences on AIN-
93M, HFF, HFF-WSF, HFF-DSF and HFF-SB groups were tested by one-way analysis of 
variance (ANOVA; α = 5%). For significant ‘‘F’’, the post hoc Tukey’s range test was used to 
determine significant differences among means (α = 5%). Correlations among total phenolics, 
antioxidant activities and plasma and liver enzymatic and non-enzymatic enzymes, FRAP and 
MDA were obtained through Pearson’s correlation coefficient (r) (α = 5%). Data analyses 
were carried out with GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla, CA, USA) 
software. 
 
5.3. Results and discussion 
 
5.3.1. Total phenolics and antioxidant activities   
Sorghum flour fractions showed significant differences in total phenolic compounds 
content and antioxidant assays (p<0.05). SB had the highest phenolics level, as well as 
antioxidant activities whereas DSF showed the lowest ones (p<0.05) (Table 6). In our 
previous study, phenolic and antioxidant activities of sorghum flour fractions were 
determined through methanol acidified as solvent extraction (MORAES et al., 2015). 
Phenolic content and ORAC were higher for this solvent than extracting by acetone:water. 
However, this behavior was not observed in ABTS assay which showed upper activity in 
acetone:water extraction. This result did not corroborate to those reported by Awika et al. 
(AWIKA et al., 2004a). These authors highlighted that aqueous acetone extraction in black 
sorghum bran is less efficient even in ABTS assay (AWIKA et al., 2004a). In the present 
study DPPH and FRAP had no steady performance. Thus, provide an entire sample 
antioxidant profile, through ordinary accepted, validated and standardized methods, allowing 
a better comprehension of its behavior, which could be applied without misapprehension by 
different areas of knowledge (MAGALHÃES et al., 2008). 
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Table  6: Antioxidant activities (ORAC, ABTS, DPPH, and FRAP) and total phenolics 
Pearson's correlation of whole sorghum flour (WSF), decorticated sorghum flour (DSF) and 
sorghum bran (SB) of the genotype SC 21. 
 WSF DSF SB r* r2* 
Total phenolics 6.52b±0.35 0.94c±0.04 29.42a±1.34 1.0000 1.0000 
ORAC 138.1b±27.69 14.68c±2.71 290.5a±42.27 0.9831 0.9664 
ABTS 221.8b±7.71 57.85c±1.00 840.8a±56.23 0.9991 0.9983 
DPPH 190.0b±7.72 15.88c±0.55 681.7a±6.43 0.9964 0.9929 
FRAP 123.8b±12.48 6.83c±0.50 457.6a±47.60 0.9935 0.9870 
Data are expressed as means values ± standard deviation. Means not followed by lowercase 
letters in the lines do not differ by Tukey test at p <0.05.Total phenolics are expressed as mg 
gallic acid equivalent.g-1. Antioxidant activities are expressed as µM Tolox.g-1. *Correlations 
were significant at p < 0.01 (2-tailed). r = Pearson correlation, r2 = R-squared.  
 
Phenolics are the most important compounds accountable for antioxidant capacity in 
sorghum grains (DYKES et al., 2005). In these sorghum flour fractions total anthocyanins, 3-
deoxyanthocyanidins, flavones, flavanones and condensed tannins were identified and 
quantified previously (MORAES et al., 2015). While WSF showed an intermediate level of 
all those components, DSF and SB had the lowest and highest contents, respectively. 
Furthermore, antioxidant activities of each sorghum flour fractions followed the same profile 
(MORAES et al., 2015). These results strengthen the relation between phenolic compounds 
and antioxidant capacity in sorghum flour fractions. 
Additionally, antioxidant assays were positively correlated to phenolic content (p<0.05). 
The Pearson's correlation (r) ranged from 0.9831 for ORAC assay to 0.9991 for ABTS. 
Likewise, the R-squared (r2) ranged from 0.9870 for FRAP to 0.9983 to ABTS (Table 6). 
These positive correlations have been already reported by Dykes et al. (2005) using DPPH 
and ABTS methods. FRAP is an antioxidant potential analysis that should be used carefully 
because compounds with low potential redox can reduce ferric iron to ferrous iron leading to 
high antioxidant capacity. On the other side, not all antioxidants reduce ferric iron fast enough 
to allow its measurement (MAGALHÃES et al., 2008). Thus, although FRAP methodological 
limitation, FRAP showed Pearson's correlation of r=0.9935 and r²=0.987 to phenolics content. 
Once FRAP is an underexplored assay in sorghum studies, this could be a useful methodology 
to predicting sorghum antioxidant capacity (AWIKA et al., 2003b; MAGALHÃES et al., 




5.3.2. Food intake and weight gain 
AIN-93M group showed high food intake compared to other groups (p<0.05) (Table 7). 
Energy intake of sorghum flour fractions diets did not differ from AIN-93M and HFF groups 
(p≥0.05). However, HFF energy intake was higher than AIN-93M (p<0.05) (Table 7). Weight 
gain was higher in HFF group than in AIN-93M (p<0.05); and there was no statistic 
difference among sorghum flours fractions diets and AIN-93M neither HFF (p≥0.05) (Table 
7). Thus, these obtained data from food intake and weight gain led to a statistic difference in 
feed efficiency ratio (FER), which AIN-93M group showed the lowest ratio (p<0.05). 
Comparable intake results have been demonstrated by Moraes et al. (2012a). These authors 
verified higher food intake in lean control group than in high fat diet and high fat diet added 
sorghum flours which had different phenolic content. Besides this they did not show 
differences in energy intake, body weight and body weight gain among all groups. 
Nevertheless, the gap in weight gain between AIN-93M and HFF groups might be understood 
due to fructose addition (20%) and higher lipid content in the present study (35%) than the 
one used by Moraes et al. (2012a) (20%). Furthermore, the different levels of total phenolics 
in both studies had no outcome in food intake neither in body weight gain.  
 
Table  7: Food intake, energy intake, weight gain and feed efficiency ratio (FER) of rats fed 
with AIN-93M diet, high fat-fructose (HFF), HFF diet added to whole sorghum flour (HFF-
WSF), decorticated sorghum flour (HFF-DSF) and sorghum bran (HFF-SB) of the genotype 
SC 21. 
Parameters AIN-93M HFF HFF-WSF HFF-DSF HFF-SB 
Food intake 1738a±66.72 1301b±43.71 1276b±55.49 1270b±100.6 1303b±75.86 
Energy intake  78.22b±1.00 83.38a±2.47 82.13ab±2.44 80.63ab±3.81 82.73ab±5.54 
Weight gain  294.4b±25.64 335.9a±21.80 309.4ab±20.69 310.8ab±41.90 307.0ab ±22.87 
FER 0.17b±0.01 0.25a±0.02 0.25a±0.02 0.24a±0.02 0.25a±0.02 
Means ± Standard deviation; Means not followed by lowercase letters in the lines do not 
differ by Tukey test (p <0.05). Food intake are expressed in grams (g), energy intake in 
kilocalories per day (Kcal.d-1), weight gain in grams (g) and feed efficiency ratio was 
calculated through the ratio between food intake and weight gain. 
 
5.3.3. Enzymatic and non-enzymatic endogenous antioxidant system in plasma and liver 
SOD, GPx and GRd were higher in plasma of AIN-93M group (p<0.05) (Figure 6A, 6E, 
6G). Although CAT activity had no difference among experimental groups, HFF group 
showed 1.53 and 1.43 fold less CAT activity compared to AIN-93M and HFF-WSF, 
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respectively (p≥0.05) (Figure 6C). Furthermore, plasma GSH level was higher in AIN-93M 
and HFF-WSF compared to HFF and HFF-DSF (p<0.05); while HFF-SB showed no 
difference among experimental groups (p≥0.05) (Figure 6I).  
Liver SOD status was higher in AIN-93M group and lower in HFF, HFF-DSF and HFF-
SB (p<0.05); while HFF-WSF did not differ among experimental groups (p≥0.05) (Figure 
6B). Liver CAT and GRd showed the same behavior among experimental groups. HFF group 
had the largest reduction in these enzymes activities while AIN-93M had the highest ones 
(p<0.05). HFF-WSF and HFF-SB showed an increase in CAT and GRd activities and HFF-
DSF did not differ from these groups and HFF (p≥0.05) (Figure 6D and 6H).  Additionally, 
liver GSH level in AIN-93M group was the highest one (p<0.05); and there were no 
differences among other experimental groups (p≥0.05) (Figure 6J). Liver GPx activity was 
higher in AIN-93M group (p<0.05); HFF-WSF and HFF-SB did not differ from AIN-93M 
and HFF-DSF groups (p≥0.05). Additionally, HFF showed the lowest liver GPx levels 
(p<0.05) (Figure 6F).   
Liver has the ability to adapt itself to external environment conditions and  maintain the 
entire organism homeostasis (DROZD et al., 2015). This might explain the changes in 
antioxidant enzyme activities in liver than in plasma. Additionally, our results agree with 
Kohen and Nyska (2002) which claim that antioxidant compounds may influence each 
enzyme from antioxidant system in different extensions.  Furthermore, decrease of antioxidant 
enzyme activities may occur due to quick consumption and storage exhaustion of these 
enzymes which can be observed in obesity (NOEMAN et al., 2011). Our results clearly 
corroborate to Noeman et al. (2011) once HFF group showed the largest reduction in 
antioxidant enzymes and GSH level compared to AIN-93M. Furthermore, the raise in liver 
CAT and GRd activities in HFF-WSF and HFF-SB, as well as in GPx in all sorghum diets 
groups, may indicate an improvement in the oxidative status which could be arising from 



























































































































































































































































































































































































































































































































Figure 6: Plasma and Liver antioxidant enzymes: (A, B) superoxide dismutase activity 
(SOD), (C,D) catalase activity (CAT), (E,F) glutathione peroxidase (GPx), (G,H) glutathione 
reductase (GRd), and (I, J) reduced glutathione (GSH) of AIN-93M diet, high fat-fructose 
(HFF),  HFF diet added to whole sorghum flour (HFF-WSF), decorticated sorghum flour 
(HFF-DSF) and sorghum bran (HFF-SB) of the genotype SC 21. Means not followed by 
lowercase letters in the lines do not differ by Tukey test (p<0.05). 
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Antioxidant enzymes and GSH content are underexplored in human trials and animal 
models fed by sorghum (LEWIS, 2008; MORAES et al., 2012a; KHAN et al., 2015). Lewis 
(2008) fed Sprague-Dawley rats with three types of sorghum bran in normal lipid diets for 10 
weeks and enzymatic profile was evaluated in colon cancer tissue. This author showed higher 
SOD activity in animals which consumed black sorghum and CAT activity was improved in 
those rats that consumed white sorghum bran. Furthermore, all sorghum diets decreased GPx 
activity while there were no differences in reduced and oxidized glutathione. As conclusion, 
the bioactive compounds in sorghum bran were able to suppress colon carcinogenesis through 
different actions on endogenous antioxidant enzymes. However, Moraes et al. (2012a) did not 
show difference in liver SOD levels in Wistar rats fed with high-fat diets added white, red or 
brown sorghum flour for 35 days.  Ajiboye et al. (2013) studying rats liver oxidative stress, 
induced by N-nitrosodiethylamine (NDEA), reported a significant induction of antioxidant 
enzymes (SOD, CAT, GPx and GRd) and GSH. These inductions were larger in those rats 
that were supplemented with the highest dose of red sorghum extract. Khan et al. (2015) 
evaluated antioxidant and oxidative stress biomarkers in health subjects who consumed pasta 
containing 30% red or white whole grain sorghum flour. Plasma polyphenols, antioxidant 
capacity and SOD activity were higher while protein carbonyl level, an oxidative biomarker, 
was lower when subjects consumed meal added red sorghum pasta. The authors linked the 
increase in plasma polyphenols to the highest phenolic compounds content in red sorghum 
flour pasta than in the white one. On the other hand, in the present study the phenolic 
compounds levels among sorghum flour fractions did not affect plasma and liver antioxidant 
enzymes and GSH levels in a dose dependent manner.  
 
5.3.4. Ferric reducing antioxidant power (FRAP) assay and lipid peroxidation assay 
(MDA) in plasma and liver 
There were no differences in plasma and liver FRAP assay among groups (p≥0.05) 
(Figure 7A, 7B). However, as FRAP is an iron reduction assay, confounding factors such as 
metabolism, absorption and other physiological activities should be considered from sample 
matrix when measuring biological samples (HUANG et al., 2005). On the other side, plasma 
MDA showed the highest value in HFF group (p<0.05); while sorghum flour fractions did not 
differ from AIN-93M (p≥0.05) (Figure 7C). In the liver, AIN-93M group showed the lowest 
value of MDA (p<0.05) (Figure 7D). In line with antioxidant enzymes findings, the highest 
MDA level in those groups consuming HFF diets emphasizing the raises of oxidative stress. 
Additionally, among sorghum flour fractions, HFF-WSF did not differ from nor AIN-93M 
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neither HFF (p≥0.05). Furthermore, HFF-DSF and HFF-SB had no difference between HFF 
group (p≥0.05) (Figure 7D). Sorghum effect's on lipid peroxidation was clearly observed in 
plasma than in liver rats' tissue. However, an opposite behavior was seen in antioxidant 
enzymes which liver showed more expressive outcomes. These unlike performances may 
occur due to distinct, beneficial and deleterious, actions of antioxidant compounds causing 































































































































































































Figure 7: (A,B) Plasma and liver FRAP, (C,D) Plasma and liver MDA of AIN-93M diet, 
high fat-fructose (HFF), HFF diet added to whole sorghum flour (HFF-WSF), decorticated 
sorghum flour (HFF-DSF) and sorghum bran (HFF-SB) of the genotype SC 21. Means not 
followed by lowercase letters in the lines do not differ by Tukey test (p<0.05). 
 
Effects of sorghum addition in rats' diets were demonstrated by Moraes et al. (2012a). 
Rats fed with red sorghum without pigmented testa had the lowest liver lipid peroxidation 
(TBARS) compared to control diet, high fat, high fat added with white or brown sorghum 
diets. Red sorghum genotype used by those authors had intermediate levels of total phenolics, 
luteolinidin and apigeninidin neither condensed tannin. In our study, liver TBARS in HFF-
WSF group, which also had the intermediate phenolic levels, did not differ from AIN-93M 
group or from HFF group. It could indicate a potential improvement effect in intermediary 
levels of those compounds. On the other side, Ajiboye et al. (2013) showed the largest 
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reduction in oxidative stress biomarkers (malondialdehyde, conjugated dienes, lipid 
hydroperoxides, protein carbonyl and percentage DNA fragmentation) in liver of rats 
supplemented with the highest sorghum extract dose (500 mg.Kg-1 body weight).  
 
5.3.5. Pearson’s correlations of total phenolic compounds with plasma and liver 
enzymatic and non-enzymatic enzymes, ferric reducing antioxidant power and lipid 
peroxidation  
There were no consistent correlations between phenolic compounds content and 
enzymatic enzymes and GSH or regarding FRAP and TBARS in both analyzed biological 
samples (p≥0.05) (Table 8). 
 
Table 8: Pearson’s correlations of total phenolics with plasma and liver enzymatic and non-
enzymatic enzymes, ferric reducing antioxidant power and lipid peroxidation. 
Correlation 
Plasma Liver 
r r2 r r2 
SOD 0.6266 ns 0.0509 0.0115 ns 0.0001 
CAT 0.3353 ns 0.1851 0.1965 ns 0.0386 
GPx 0.0936 ns 0.3978 0.4339 ns 0.1882 
GRd 0.8586 ns 0.0069 0.4004 ns 0.1604 
GSH 0.6117 ns 0.0455 -0.1800 ns 0.0323 
MDA 0.3602 ns 0.1405 0.2929 ns 0.0857 
FRAP 0.8978 ns 0.0025 -0.4501 ns 0.2025 
ns Non significant correlation. 
 
Khan et al. (2015) have demonstrated that besides the increase in plasma polyphenols 
after acute consumption of red sorghum meal, polyphenols were positively correlated to 
plasma antioxidant capacity and SOD activity. Moreover, changes in antoxidanty capacity 
was positively correlated to SOD activity and negatively with the oxidative stress biomarker, 
protein carbonyl.  However, phenolics studies may range largely in their effects and even be 
controversial. Foods complex profile of polyphenols, environments conditions, phenolics 
concentrations, food processing, biodisponibility and target tissue may shape different 
outcomes and can help understanding the lack of clear relation among analysed factors 
(D’ARCHIVIO et al., 2010). In addition, identifying phenolics metabolites and catabolites in 
different experimental models, such as cell culture, at physiological concentrations may be 
away to figure out in vivo effects and also guide sorghum dietary effects on molecular basis 
(DEL RIO et al., 2013). Thus, though we did not find straight relationship between in vitro 
66 
 
and in vivo antioxidant activities, sorghum diets with antioxidant compounds showed a slight 
improvement in antioxidant status. However, to better understand the effect of sorghum flour 
processing on in vivo antioxidant status, studies focused in other biomarkers and in molecular 




Sorghum bran showed the highest phenolic content and antioxidant capacity by all 
analyzed methods. Sorghum flour fractions improved liver CAT, GRd and GPx activities and 
decreased plasma lipid peroxidation. Sorghum flour fractions diets had no effect in liver GSH 
and SOD compared to HFF group, such as in liver FRAP and MDA status. Although there 
was no straight relationship between in vitro and in vivo antioxidant activities, sorghum diets 
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ABSTRACT 
 
This work aimed to evaluate the effects of whole sorghum flour (WSF), decorticated 
sorghum flour (DSF) and sorghum bran (SB) on obesity parameters in diet-induced obese 
rats. Forty Wistar rats were divided in five groups: (1) AIN-93M group, (2) high fat-fructose 
diet (HFF), HFF added with (3) WSF or (4) DSF or (5) SB for 12 weeks. Physiological 
effects of sorghum flours addition were assessed by weight gain, adiposity index, biochemical 
markers, liver fat, feces fat excretion as well as glucose tolerance, insulin sensitivity and 
insulin secretion in isolated pancreatic islets. Final body and tissues weight, adiposity index, 
liver fat levels, lipid profile, uric acid, fasting glucose, insulin, leptin and adiponectin levels 
as well as glucose tolerance and insulin sensitivity did not differ among sorghum flours 
fractions groups. However, fecal fat excretion was highest in HFF-WSF group. Additionally, 
compared to HFF group, sorghum flours fractions reduced liver fat and HFF-WSF decreased 
fasting glucose, improved glucose tolerance, insulin resistance and reduced insulin secretion. 
These outcomes suggest that WSF can be used as a strategy to ameliorate glucose/insulin 
homeostasis through increasing insulin sensitivity, leading to pancreatic islets function 
preservation in pre-diabetic condition. 
 
Key words: Sorghum bicolor (L.) Moench, decorticated flour, sorghum bran, high fat-





Obesity is a worldwide public health problem. In 2014, more than 1.9 billion adults 
were overweight and over 600 million were obese (WHO, 2015).  As a multifactorial 
development disease, the excess of food intake mainly high-fat and high-fructose diet have 
been related to increase obesity prevalence (SAMUEL, 2011; DEER et al., 2015).  Weight 
gain is a major risk factor to development of insulin resistance, glucose intolerance, type 2 
diabetes mellitus, atherosclerosis, chronic low-grade inflammatory state and nonalcoholic 
fatty liver disease (WANG et al., 2014; DEER et al., 2015). 
Diet modification is a crucial strategy intervention against obesity and associated 
diseases. Increasing whole grain intake has been considered an important role of diet strategy 
for reducing the development risk of those diseases. Beneficial effects of whole grain are 
associated to phenolic compounds content as well as dietary fiber (POQUETTE et al., 2014; 
WANG et al., 2014). Sorghum grain composes this background with a specific phenolic 
compounds group such as luteolinidin and apigeninidin, condensed tannin as well as dietary 
fiber like resistant starch and β-glucan (DUNN et al., 2015; MORAES et al., 2015; SHEN et 
al., 2015). Recent studies have been demonstrated that these compounds display a regulator 
key role in glucose homeostasis and insulin secretion, as well as cholesterol-lowering effect, 
reducing adiposity, improving antioxidant status, decreasing oxidative and low-grade 
inflammation biomarkers (MORAES et al., 2012a; POQUETTE et al., 2014; KHAN et al., 
2015; KIM et al., 2015; SHEN et al., 2015). 
Sorghum studies effects have focused on the use of whole flour, phenolic extract and 
decorticated flour (KIM e PARK, 2012; MORAES et al., 2012a; SHEN et al., 2015). 
Nevertheless, sorghum abrasive process produces decorticated grains and bran which present 
different approximate composition, phenolic compounds and dietary fiber content (AWIKA 
et al., 2005; MORAES et al., 2015). Additionally, our previous study demonstrated that 
sorghum bran contains higher phenolic compounds, antioxidant capacity, dietary fiber and the 
lower estimated glycemic index; while decorticated sorghum flour showed an opposite 
performance (MORAES et al., 2015). It may suggest that different metabolic outcomes may 
be achieved from sorghum flour fractions intake. Thus, we hypothesized that diets containing 
sorghum flour fractions with different phenolic and dietary fiber features will reduce obesity 
and associated risk factors in rats fed with a high fat-fructose diet. Therefore, this work aimed 
to evaluate the effects of whole sorghum flour (WSF), decorticated sorghum flour (DSF) and 
sorghum bran (SB) on obesity parameters in diet-induced obese rats.  
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6.2. Material and methods 
 
6.2.1. Sorghum sample  
Sorghum genotype SC 21 with brown pericarp and pigmented testa, previous selected 
among 100 genotypes due to high antioxidant capacity, was grown in the experimental field 
of Embrapa Maize and Sorghum, Sete Lagoas, MG, Brazil, in February 2012. Experimental 
plots were composed of two rows of three meters, with spacing of 0.50 m between rows. 
Fertilization at planting consisted of the application of 300 kg.ha-1 of formulated 08-28-16 
(NPK). After 25 days of planting, fertilization with 50 kg.ha-1 nitrogen was performed. WSF 
and decortication process to obtain DSF and SB were described by Moraes et al. (2015) such 
as chemical and approximate composition of each flour.  
 
6.2.2. Animals and experimental diets 
This study was approved by the Ethics Commission on Animal Use (CEUA/ 
UNICAMP) protocol n°. 3003-1. Forty male Wistar rats at 20 to 23-days-old were obtained 
from the Multidisciplinary Center for Biological Investigation, University of Campinas. Rats 
were kept in individual cages for growth with free access to water and chow diet for 4 weeks 
and were maintained under controlled conditions (22 ± 1 ºC, 60-70% humidity, 12 hours 
light/dark cycle). After growth, rats were separated by weight (185.01 g ± 11.23) and assigned 
to one of five diets (n= 8/group) for 12 weeks. Experimental diets were formulated from 
purified ingredients according to American Institute of Nutrition with protein concentration of 
12% (REEVES et al., 1993). Lean control group was fed with AIN-93M diet; high fat-
fructose group (HFF) received diet containing 4% (w/w) soybean oil, 31% (w/w) lard and 
20% fructose (w/w) (MARINELI et al., 2015). Sorghum flour fractions groups received the 
HFF diet added to whole sorghum flour (HFF-WSF), decorticated sorghum flour (HFF-DSF) 
and sorghum bran (HFF-SB). WSF and SB were added to diets in sufficient amounts to 
provide 100% of dietary fiber recommendation (5% of cellulose fiber); and DSF replaced all 
corn starch (13.08 g.100 g-1) (Table 5). Diets were prepared monthly and packed in dark 
polyethylene bags and stored at -20 ºC to minimize the oxidation of fatty acids. Weight gain 
(g) was monitored weekly and food intake every 2 days for 12 weeks and expressed as grams 
per week (g.week-1). Caloric intake was expressed as kilocalorie per day (kcal.day-1) 
According to determination of β-glucan, resistant starch, total phenolic, condensed 
tannin, total anthocyannin, total flavonoids, luteolinidin, apigeninidin, 5-methoxy-
luteliolinidin, 7-methoxy-apigeninidin, luteolin, apigenin,  naringenin and eriodictyol 
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described by Moraes et al. (2015), estimated daily intake of these compounds was calculated. 
Intake data are expressed as average of the 12 experimental weeks. 
 
6.2.3. Blood and tissue collection 
 After 12 experimental weeks rats were euthanized by decapitation preceded by 12-
hour-fasting. Blood samples were collected in polyethylene tubes with anticoagulant (EDTA) 
and centrifuged at 3000 g for 15 min at 4 ºC to obtain plasma, which was stored at -80 °C 
until analysis.  
Liver and adipose tissues (epididymal, retroperitoneal and mesenteric) were firstly 
harvested, rinsed with saline, weighed and then stored at -80 °C until analysis. Adiposity 
index (AI) was calculated from the sum of the individual fat pad weights according to 
Dobrian et al. (2001) as following equation: 
AI= [epididymal fat + retroperitoneal fat + mesenteric fat]/(body weight − sum of fat 
pads).100 
 
6.2.4. Feces and liver fat 
Feces were collected at 10th experimental week and stored at -20 °C until analysis. Feces 
were dried at 105 °C until weight stabilization and ground in a laboratory impact mill 
(Marconi MA 630/1, Piracicaba – São Paulo, Brazil).  
Liver tissues were freeze-dried, weighed and milled until a homogeneous powder. Then, 
feces and liver total lipids were determined according Bligh and Dyer (1959). 
 
6.2.5. Blood biochemical analysis  
Plasma glucose levels, total cholesterol, high-density lipoprotein cholesterol (HDL-c), 
triglycerides and uric acid were determined by colorimetric methods according to 
manufacturer instructions (Labtest, Lagoa Santa, Minas Gerais, Brazil) in a 
spectrophotometric Biotech EPOCH microplate reader (Biotek, Winooski, VT). Low density 
lipoprotein cholesterol (LDL-c) was determinate by Friedewald equation (FRIEDEWALD et 
al., 1972). Fasting plasma insulin was analyzed using enzyme-linked immunosorbent assay 
(ELISA, EZRMI-13K, Millipore, MA, USA). Adiponectin and leptin were determinate by 
xMAP technology on a Luminex 200 (Geneses, São Paulo, SP, Brazil) using MILLIPLEX 
MAP Rat adiponectin magnetic bead single plex assay and Rat cytokine/chemokine magnetic 




6.2.6. Intraperitoneal glucose tolerance test, insulin tolerance test and homeostatic 
model assessment  
Intraperitoneal glucose tolerance test (ipGTT) and insulin tolerance test (ipITT) were 
performed on food-deprived (12 h) rats after 10 and 11 weeks of experiment, respectively. 
Blood glucose levels were measured with a FreeStyle Lite® handheld glucometer (Abbott 
Diabetes Care, Abbott Laboratórios do Brasil LTDA.) using appropriate test strips. For the 
ipGTT, a solution of 50% D-glucose (2 g.kg-1 body weight) was administered in the 
peritoneal cavity. Blood samples were collected from the tail vein at 30, 60, 90 and 120 min 
for the determination of glucose concentrations. Area under the curve (AUC) of glucose was 
calculated. For the ipITT, glucose blood levels were sampled at 5, 10, 15, 20, 25 and 30 min 
following intraperitoneal injection of human insulin (0.75 U.kg-1 body weight, Novolin R). 
Constant rate for glucose disappearance during kITT (ipITT %.min
-1) was calculated using the 
formula [0.693 / (t1/2)]. Glucose t1/2 was calculated from the slope of the least-square analysis 
of the glucose concentrations during the linear phase (BONORA et al., 1987). 
Homeostatic model assessment (HOMA-IR) was calculated according to Matthews et 
al. (1985) using the following equation: 
HOMA-IR = [Fasting glucose (nmol.L-1) x fasting insulin (mU.L-1)] / 22.5 
 
6.2.7. Glucose-stimulated insulin secretion in pancreatic islets 
Pancreatic islets were isolated with collagenase method, as previously described 
(BORDIN et al., 1995). Groups of four islets were pre-incubated for 30 min in Krebs-
Henseleit buffer solution (KHBS) containing 3.0 g.L-1 bovine serum albumin and 5.6 mM.L-
1-glucose and equilibrated at 95% O2 and 5% CO2 at 37 °C. Medium was replaced for a fresh 
buffer and islets were incubated for 1 h in 1mL of KHBS containing 2.8 or 16.7 mM.L-1-
glucose. Subsequently, supernatant fraction was collected to evaluate insulin secretion, and 
the remaining islets were collected and transferred to 1.5 mL tubes, in which were added 
deionized water (1mL). Then, samples were sonicated and insulin content, as well as insulin 
secretion was measured by radioimmunoassay as previously described (REZENDE et al., 
2007).  
 
6.2.8. Statistical Analysis 
Data are expressed as mean values ± standard error of the mean (SEM). Differences on 
AIN-93M, HFF, HFF-WSF, HFF-DSF and HFF-SB groups were tested by one-way analysis 
of variance (ANOVA; α = 5%). For significant ‘‘F’’, the post hoc Tukey’s range test was used 
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to determine significant differences among means (α = 5%). Data analyses were carried out 
with GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla, CA, USA) software. 
 
6.3. Results and discussion 
 
6.3.1. Food intake, body and tissue weights, liver and feces fat 
Initial weight, before experimental diets begins, did not differ among experimental 
groups (p≥0.05). HFF group showed higher final weight than AIN-93M group (p<0.05); 
sorghum diets did not differ from both groups (p≥0.05) (Table 9).  Food intake was higher in 
AIN-93M compared to other groups (p<0.05). Caloric intake of sorghum flours diets did not 
differ from AIN-93M and HFF groups (p≥0.05). However, HFF caloric intake was higher 
than AIN-93M (p<0.05). Daily intake of all phenolic compounds differ among sorghum flours 
fractions which HFF-SB group showed the highest intake (p<0.05). β-glucan intake was lower 
in HFF-DSF(p<0.05); and did not differ between HFF-WSF and HFF-SB (p≥0.05). 
Moreover, HFF-WSF had the highest resistant starch intake (p<0.05); while HFF-DSF and 
HFF-SB did not differ between each other (p≥0.05) (Table 9). Moraes et al. (2012a), 
evaluating the effect of three sorghum genotypes added to rats' high fat-diets, did not find 
difference in food intake, caloric intake and body weight among those groups with lean and 
high fat groups. Body weight difference that we have found between AIN-93M and HFF may 
be explained by higher diet energy density (5.30 kcal.g-1) than in the diet used by those 
authors (4.5 kcal.g-1). Sorghum grains, mainly those with pigmented testa and high tannin 
content, may decrease food intake owing to astringency, furthermore, it can form insoluble 
protein complexes and reduces starch digestibility (KOBUE-LEKALAKE et al., 2007; 
DUNN et al., 2015). All these tannin sorghum features may contribute to lower feeding 
efficiency (AL-MAMARY et al., 2001; MURIU et al., 2002). It should be highlighted that 
such effect could act as an helpful strategy against weight gain in an high fat-fructose diet 
(DUNN et al., 2015). Nevertheless, in Moraes et al. (2012a) study,  as well in the present 
study, sorghum addition and different tannin intake did not affect food intake neither body 
weight.   
High fat or high fructose diets or the combining of both have been associated with 
nonalcoholic fatty liver disease development (SELLMANN et al., 2015). These authors 
demonstrated higher liver weight and large fat droplets in those groups fed with high fat-
fructose diet compared to control group (16 weeks). Our outcome agree with literature since 
HFF group showed the heaviest liver and the highest fat concentration compared to AIN-93M 
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group (p<0.05) (Table 9 and Figure 8 A). Liver weight of sorghum diets groups did not differ 
from AIN-93M and HFF groups (p≥0.05). However, sorghum diets reduced liver fat 
compared to HFF group, although they were higher than AIN-93M (p<0.05) (Figure 8 A). 
Kim et al. (2015) attributed to sorghum phenolic compounds the ability of lowering total 
lipids, triglycerides and total cholesterol in liver of mice (600mg.Kg-1 body weight for 8 
weeks). These authors showed that inhibiting hepatic cholesterol synthesis reflected on serum 
lipid profile by reducing total cholesterol and low density lipoprotein. In the present study rats 
consumed different amounts of phenolic compound (Table 9). However, raising phenolic 
intake did not cause a proportional decrease in liver fat. Additionally, fecal fat excretion keep 
up with this idea when HFF-WSF group, which consumed intermediate levels of phenolic 
compounds, had the highest excretion followed by HFF-DSF, HFF-SB, HFF and AIN-93M 
group (p<0.05) (Figure 5 B). These results suggest that other nutrients action on lipid 
metabolism, such as, resistant starch, owing to the highest intake of this polysaccharides by 
HFF-WSF (POLAKOF et al., 2013). 
Epididymal and mesenteric fat pads of sorghum flour diets were similar to HFF group 
(p≥0.05); while in AIN-93M group these fat pads were smaller compared to other groups 
(p<0.05) (Table 9). However, retroperitoneal adipose tissue in sorghum diets groups was 
similar to AIN-93M group (p≥0.05); while HFF group showed the heaviest one (p<0.05). 
Likewise, Shen et al. (2015) studied the effect of sorghum resistant starch in Male Sprague–
Dawley rats feed with high-fat diet (8 weeks). They demonstrated adiposity difference only in 
mesenteric fat pad in obese group without any change in body weight. Authors explained that 
sorghum resistant starch could have changed the physiological body responses related to 
metabolic regulation and fat metabolism (SHEN et al., 2015). Furthermore, different 
responses to an equal stimulation can be due to distinct functions of each adipose depot in 
energy metabolism. For instance, epidydimal adipose tissue has been related to local 
metabolic control while retroperitoneal has been involved in the maintenance of energy 
homeostasis of whole organism (GAÍVA et al., 2001; CAESAR et al., 2010). In the present 
study, there was difference in resistant starch daily intake among sorghum flours diets, which 
HFF-WFS consumed three times more than other groups, however, no effect of resistant 
starch intake was found (Table 9). Although, retroperitoneal adipose tissue have been lower in 
sorghum groups than HFF group, the difference in those groups was not enough to act on 
adiposity index. Adiposity index of rats fed with sorghum flours diets were similar to HFF 
group (p≥0.05); while AIN-93M showed the lowest value compared to all experimental 
groups (p<0.05) (Table 9). No effects of sorghum flour processing could be observed.  
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Table  9: Initial weight, final weight, food intake, caloric intake, organs and adipose tissue of 
rats fed with AIN-93M diet, high fat-fructose (HFF), HFF diet added to whole sorghum flour 
(HFF-WSF), decorticated sorghum flour (HFF-DSF) and sorghum bran (HFF-SB) of the 
genotype SC 21. 
Parameters AIN-93M HFF HFF-WSF HFF-DSF HFF-SB 
Initial weight 187.0±4.03 185.0±4.36 184.2±4.06 186.0±3.82 186.5±4.26 
Food intake  144.9a±1.96 108.4b±1.21 106.3b±1.46 105.8b±2.65 108.6b±1.99 
Coloric intake  78.22b±1.00 83.38a±2.47 82.13ab±2.44 80.63ab±3.81 82.73ab±5.54 
Final weight  476.9b±8.71 526.5a±7.29 489.7ab±9.84 503.2 ab ±13.69 494.9 ab ±8.76 
 Nutrients intake      
    β-glucan nd nd 3.90a±0.00 2.00b±0.00 4.20a±0.00 
    Resistant starch  nd nd 0.76a±0.01 0.23b±0.00 0.22b±0.00 
    Total phenolic nd nd 26.14b±0.36 4.58c±0.11 73.48a±1.35 
    Condensed tannin nd nd 27.08b±0.37 1.72c±0.04 72.52a±1.33 
    Anthocyannin nd nd 0.36b±0.00 0.08c±0.00 0.50a±0.01 
    Total flavonoids nd nd 20.68b±0.28 2.00c±0.05 58.17a±1.07 
    Luteolinidin nd nd 145.1b±1.99 27.48c±0.68 403.0a±7.42 
   Apigeninidin nd nd 587.8b±8.08 87.80c±2.19 1558a±28.69 
   5-methoxy-luteliolinidin nd nd 122.7b±1.68 18.57c±0.65 345.6a±6.36 
   7-methoxy-apigeninidin nd nd 488.6b±6.72 73.53c±1.84 1122a±20.65 
   Luteolin nd nd 79.30b±1.09 12.87c±0.32 281.4a±5.18 
   Apigenin nd nd 37.66b±0.51 9.74c±0.24 83.88a±1.54 
   Naringenin nd nd 77.45b±1.06 38.88c±0.97 178.8a±3.29 
   Eriodictyol nd nd 48.83b±0.67 16.50c±0.41 127.0a±2.33 
Tissue weights      
    Liver 2.48b±0.05 3.02a±0.08 2.65ab±0.09 2.81ab±0.27 2.72ab±0.08 
    Epididymal fat 2.20b±0.14 3.74a±0.15 3.15a ±0.17 3.26a ±0.17 3.40a ±0.15 
    Mesenteric fat 1.71b±0.05 2.80 a ±0.05 2.39a±0.14 2.33a ±0.14 2.55a ±0.15 
    Retroperitoneal fat 3.91b±0.16 5.41a±0.22 4.32 b±0.26 4.53 b±0.20 4.49 b±0.19 
Adiposity index 8.84b.±0.47 13.06a±0.44 11.65a±0.78 11.43a±0.66 12.12a±0.56 
Means ± standard error of the mean; Means followed by lowercase different letters within 
each line are significantly different by Tukey test (p<0.05). Initial weight are expressed in 
grams (g), final weight in grams (g), food intake in grams per week (g.week-1), caloric intake 
in kilocalorie per day (kcal.day-1). β-glucan, total phenolic, condensed tannin, anthocyannin, 
total flavonoids were expressed mg.day-1; Resistent starch g. day-1, luteolinidin, apigeninidin, 
5-methoxy-luteliolinidin, 7-methoxy-apigeninidin, luteolin, apigenin,  naringenin and 
eriodictyol were expressed µg.day-1. Intake data are expressed as average of the 12 
experimental weeks; Organs and adipose tissue were expressed relative to body weight. 








































































































Figure 8: A) Liver fat B) Feces fat of AIN-93M diet, high fat-fructose (HFF), HFF diet added 
to whole sorghum flour (HFF-WSF), decorticated sorghum flour (HFF-DSF) and sorghum 
bran (HFF-SB) of genotype SC 21. Means followed by lowercase different letters in columns 
are significantly different by Tukey test (p<0.05). 
 
6.3.2. Biochemical analysis 
Total cholesterol, LDL-c, triglycerides and uric acid did not differ among experimental 
groups (p≥0.05) (Table 10). HDL-c in HFF-WSF group was statistic similar to AIN-93M and 
HFF groups (p≥0.05). HDL-c level was lower in HFF-DSF and HFF-SB groups compared to 
AIN-93M group (p≥0.05). HFF-WSF did not differ from AIN-93M and HFF groups (p≥0.05). 
Additionally, HDL-c in sorghum flours diets did not statistically differ from each other 
(p≥0.05) (Table 10). Cho et al. (2000), who added 30% of whole sorghum in rats' diet, 
demonstrate an increase in HDL-c without changing total cholesterol. In the present study, 
sorghum whole flour was added around 19% which may influence our outcome. Moraes et al. 
(2012a) did not find any significant changes in rats' lipid profile after 35 days consuming 
different whole sorghum flours (total cholesterol, HDL-c and triglycerides). On the other 
hand, many studies have been demonstrate that sorghum phenolic extract reduces plasma total 
cholesterol, triglyceride, LDL-c, uric acid (CHUNG et al., 2011a; CHUNG et al., 2011b; 
KIM e PARK, 2012; KIM et al., 2015). Additionally, it is need to keep in mind those studies 
were driven in different animals models which varied health status, dose, exposure time and 
extract preparation. None of them compared the effect of processed sorghum fractions on 
those parameters. Thus, whole sorghum flour seems to show a slight effect on HDL-c than 
decorticated sorghum flour or sorghum bran. Furthermore, it is needed to emphasize normal 
rat models, such as Wistar rat, are resistant to alterations in lipid profile related to 
cardiovascular disease development (RUSSELL e PROCTOR, 2006). This fact may have 
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contributed to turn harder to make out sorghum effects on those parameters. 
   
Table 10: Blood biochemical analysis of rats fed with AIN-93M diet, high fat-fructose 
(HFF), HFF diet added to whole sorghum flour (HFF-WSF), decorticated sorghum flour 
(HFF-DSF) and sorghum bran (HFF-SB) of the genotype SC 21 
Parameters AIN-93M HFF HFF-WSF HFF-DSF HFF-SB 
Total Cholesterol 74.19±2.09 81.29±3.36 72.54±1.67 73.33±3.78 70.95±2.44 
HDL-c 34.10a±2.08 20.52b±2.92 26.65ab±1.69 20.58b ±0.73 23.8b ±1.43 
LDL-c 27.82±1.72 39.44±1.82 36.10±1.44 36.73±1.49 35.32±2.17 
Triglycerides 56.46±8.43 70.89±6.74 58.90±3.25 68.74±5.46 53.64±4.42 
Uric acid 1.20±0.16 1.48±0.12 1.21±0.06 1.68±0.23 1.40±0.11 
Glucose 98.78c±3.23 124.5a±2.20 107.7bc±2.93 120.8ab±2.99 113.5ab±3.88 
Insulin 1.04b±0.15 2.81a±0.36 2.07ab±0.42 2.49 ab±0.57 2.27 ab±0.31 
Leptin 15.48±1.87 26.55±9.30 15.84±4.95 23.44±4.03 31.31±4.98 
Adiponectin 57.01±6.31 34.29±1.75 36.84±3.01 33.40±3.18 35.36±4.70 
Means ± standard error of the mean; Means followed by lowercase different letters within 
each line are significantly different by Tukey test (p<0.05). Total cholesterol, HDL-c, LDL-c, 
triglycerides, uric acid and glucose are expressed as mg.dL-1; Leptin and adiponectin ng.mL-1 
 
Fasting glucose was higher in HFF than AIN-93M and HFF-WSF groups (p<0.05) and 
there was no difference among sorghum flours processing in fasting glucose levels (p≥0.05) 
(Table 10). Nevertheless, HFF-WSF was similar to AIN-93M group, while HFF-DSF and 
HFF-SB did not differ from HFF (p≥0.05) (Table 10). Fasting insulin in those groups that 
received sorghum flour diets did not differ from AIN-93M and HFF (p≥0.05). AIN-93M 
showed the lowest insulin level compared to HFF (p<0.05) (Table 10). Chung et al. (2011a) 
and Kim and Park (2012) evaluated the effect of sorghum extracts on streptozotocin-induced 
diabetic rats. Both demonstrated significantly decreased serum glucose, while insulin levels 
increased in the first one and had no effect in the second. These outcomes were related to 
phenolic compounds and extract ability to inhibit the hepatic gluconeogenesis enzymes. 
Furthermore, Park et al. (2012) showed glucose reduction in a high-fat diet mice model 
supplemented with sorghum extract (0.5% and 1.0%), however, only at the level of 1% serum 
insulin has decreased. In the present study serum glucose was slight reduced by WSF. It could 
indicate a potential improve effect in intermediary levels of those compounds. Moreover, the 
highest resistant starch intake by HFF-WSF group could have also influenced the glucose 
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outcome (POQUETTE et al., 2014). 
Leptin and adiponectin did not differ among experimental groups (p≥0.05) (Table 10). 
There are few studies about sorghum effects on hormone release linked to obesity. Shen et al. 
(2015) added 30 % of sorghum resistant starch on rats' diet and showed a significant decrease 
in leptin level and an increased in adiponectin level in overweight and obese groups compared 
to their controls groups. Park et al. (2012) demonstrated that sorghum extract was able to 
enhance glucose metabolism by increasing endogenous insulin sensitivity up regulating 
adiponectin expression and peroxisome proliferator activated receptor γ (PPARγ). 
In our present study, although there was no difference in leptin levels among 
experimental groups HFF-WSF had 41% reduction compared to HFF group. This 
performance was close to the AIN-93M. At suitable levels leptin can enhance glucose uptake 
by acting on insulin receptor substrate 1 and 2 (IRS-1 and IRS-2), phosphatidylinositol 3-
kinase (Pi3k) and AMP-activated protein kinase (AMPK), suggesting a relationship between 
insulin and leptin actions  (ZOU e SHAO, 2008; FERNÁNDEZ-SÁNCHEZ et al., 2011; 
SHAPIRO et al., 2011). Thus, as a slight effect could be observed in fasting glucose in HFF-
WSF group, one possible suggested mechanism is that whole sorghum flour composition may 
improve glucose uptake, decreasing leptin concentration (ZOU e SHAO, 2008). Nevertheless, 
studies that target this mechanism should be driven. 
    
6.3.3. ipGTT, ipITT, HOMA-IR and glucose-stimulated insulin secretion in isolated 
pancreatic islets 
The ipGTT area under the curve in HFF-WSF group was similar to AIN-93M group 
(p≥0.05). HFF-DSF and HFF-SB did not differ from all groups (p≥0.05). However, HFF was 
higher than AIN-93M group (Figure 9A and 9B).This result demonstrated that HFF-WSF 
improved glucose tolerance compared to HFF. Although HFF-DSF and HFF-SB did not 
statistically differ from HFF, rats which consumed these sorghum flours fractions reduced 
AUC around 35% and 22%, respectively. In our previous in vitro study, WSF and DFS were 
classified as high glycemic index and SB as intermediate. Additionally, estimated glycemic 
index (EGI) was negatively correlated to phenolic compounds, flavonoids and antioxidant 
capacity as well as total, insoluble and soluble dietary fiber and b-glucan. While resistant 
starch did not correlate to EGI (MORAES et al., 2015). Nevertheless, no straight relationship 
was found in the present study once HFF-WSF group, which consumed intermediate levels of 
those compounds, showed a similar AUC for ipGTT than lean control group. Moreover, this 
result is in agreement with glucose tolerance in HFF-WSF group. 
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Park et al. (2012) demonstrated an improvement in glucose tolerance through 
decreasing of AUC by 23% and 25% in mice given 0.5 % or 1.0 % sorghum extract, 
respectively, compared to high fat group. This outcome also showed that the increase of 
sorghum phenolic extract dose did not follow a proportional decrease in serum glucose. These 
results agree with the idea that could exist a synergistic effect between nutrients along with 
non-nutrients compounds in WSF. Food synergy is a concept which isolated nutrients do not 
appear to affect body metabolism such as whole food well do. Thus, minerals, dietary fiber, 
antioxidants, polyphenols, and other phytonutrients present in whole grains seem to act 
synergistically to be more effective (JONNALAGADDA et al., 2011; JACOBS e TAPSELL, 
2013). Lakshmi and Vimala (1996) step up this idea when they first evaluated the effect of 
sorghum processing on glucose metabolism. They showed that non-insulin dependent patients 
had lower glucose AUC after whole sorghum meal than those prepared with decorticated 
sorghum. However, at that time, authors associated that sorghum ability only to the fiber 
content. 
Insulin sensitivity was improved in HFF-WSF group compared to HFF and did not 
differ from AIN-93M (p≥0.05; p<0.05). HFF-DSF and HFF-SB did not differ from AIN-93M 
and HFF (p<0.05) (Figure 9C and 9D). Additionally, HOMA-IR emphasizes glucose-insulin 
homeostasis results, which demonstrates that WSF was able to ameliorate insulin sensitivity 
(p<0.05). HFF-DSF and HFF-SB did not differ from other experimental groups (p≥0.05). 
While HFF showed higher HOMA-IR compared to AIN-93M and HFF-WSF (p<0.05) 
(Figure 9E). Insulin tolerance test and HOMA-IR are underused methods to evaluate the 
effect of sorghum flours on glucose homeostasis. Poquette et al. (2014) replaced wheat flour 
in a muffin preparation for whole sorghum flour. Plasma glucose and insulin levels were 
monitored for 180 min in heath men after consumption of two muffins which contained a total 
serving of 50 g of total starch. Besides glucose reduction, insulin concentration was lower in 
the group which consumed sorghum muffins than in the group which consumed wheat muffin 
(POQUETTE et al., 2014). Authors highlighted that functional starch fractions in sorghum 
such as higher content of slowly digestible and resistant starch and lower rapidly digestible 
starch were accounted for those effects. Furthermore, they also emphasize the needed of 
studying whole grains as functional food ingredients as well as preparation, processing and 





























































































































































































































Figure 9: A) Glucose area under the curve during intraperitoneal tolerance test (ipGTT); B) 
Mean of blood glucose levels after infusion of glucose (2 g.kg-1 body weight); C) Glucose 
decay constant rate (KITT) during intraperitoneal insulin tolerance test (0.75 U.kg
-1 body 
weight); D) Mean blood glucose levels after intraperitoneal infusion of insulin; E) 
Homesostatic model assessment (HOMA-IR); F) Glucose-stimulated insulin secretion, in 
isolated pancreatic islets, at 2.8 mM.L-1 and 16.7mM.L-1-glucose of AIN-93M diet, high fat-
fructose (HFF), HFF diet added to whole sorghum flour (HFF-WSF), decorticated sorghum 
flour (HFF-DSF) and sorghum bran (HFF-SB) of genotype SC 21. Means followed by 





Glucose-induced insulin secretion was performed in isolated pancreatic islets. Under 
basal conditions (2.8 mmol.L-1) experimental groups secreted the same levels of insulin 
(p≥0.05) (Figure 9F). Additionally, at glucose stimulatory conditions (16.7 mmol.L-1) insulin 
secretion was higher than basal glucose level in all experimental groups. However HFF rats 
showed insulin hypersecretion compared to AIN-93 (p≥0.05). The glucose-stimulated insulin 
released was decreased only in HFF-WSF group in comparison to HFF. In HFF-DSF and 
HFF-SB groups no difference was observed from all experimental groups (p≥0.05) (Figure 
9F). Insulin hypersecretion is a β-cells compensatory mechanism in response to increases 
plasma glucose due to glucose intolerance and peripheral insulin resistance (KYRIAZIS et al., 
2014). Chronic elevation of blood glucose concentration can be glucotoxicity to β-cells, 
which may lead to a progressive pancreatic beta cell dysfunction and failure (MAEDLER et 
al., 2002). Branco et al. (2015) and Batista et al. (2013) that have demonstrated pancreatic 
islets function was impaired  in mice fed with high-fat diet at glucose stimulatory conditions. 
In agreement to this outcome, rats given high fat-fructose diet also presented insulin 
hypersecretion at the same conditions. However, in HFF-WSF rats insulin released was 
decreased. This effect is associated with the improvement in glucose tolerance and peripheral 
insulin resistance. Moreover, insulin hypersecretion improvement in HFF-WSF group could 
indicate a protector mechanism of the pancreatic islets dysfunction in pre-diabetic condition. 
Nevertheless, there was no difference among sorghum flours processing in pancreatic islets 
function. 
 
6.4. Conclusion  
 
Sorghum flours fractions reduced liver fat and whole sorghum flour decreased fasting 
glucose, improved glucose tolerance and insulin resistance as well reduced insulin secretion. 
Nevertheless, processed sorghum, decorticated flour and bran, had no effect on obesity 
parameters. Thereby, these outcomes suggest that WSF can be used as a strategy to 
ameliorate glucose/insulin homeostasis through increasing insulin sensitivity, leading to 
pancreatic islets function preservation in pre-diabetic condition. Additionally, future research 
addressing effects of sorghum consumption involved in the enhanced of glucose/insulin are 
still needed.  
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7. DISCUSSÃO GERAL 
 
A obesidade tem sido reconhecida mundialmente como um problema de saúde pública. 
No ano de 2014, segundo a Organização Mundial de Saúde, mais de 1,9 bilhões de adultos 
apresentaram sobrepeso e aproximadamente 600 milhões obesidade (WHO, 2015). O ganho 
de peso excessivo é considerado principal fator de risco para o desenvolvimento de resistência 
à ação da insulina, tolerância à glicose, diabetes mellitus tipo 2, aterosclerose, inflamação 
crônica subclínica e esteatose hepática não alcoólica além de outras comorbidades (WANG et 
al., 2014; DEER et al., 2015). Diante de uma doença de origens multifatoriais, o consumo de 
dietas com alto teor de gordura e açúcares tem sido apontado como um dos principais 
causadores do aumento da obesidade (SAMUEL, 2011; DEER et al., 2015; WHO, 2015). 
Modificações dietéticas capazes de prevenir o ganho de peso e reduzir o risco de 
doenças associadas pode ser uma estratégia valiosa contra o aumento da obesidade e de 
comorbidades (POQUETTE et al., 2014; WANG et al., 2014; DUNN et al., 2015). A 
introdução de cereais integrais à dieta tem sido considerada como uma dessas estratégias, por 
aumentar o consumo de compostos fenólicos e de fibra alimentar (POQUETTE et al., 2014; 
WANG et al., 2014). Entretanto, o processamento de cereais prévio ao consumo como, por 
exemplo, a decorticação abrasiva, ao mesmo tempo que viabilizam e diversificam sua 
utilização, geram alterações no perfil nutricional que podem modificar as respostas 
fisiológicas frente ao consumo dos mesmos (ADOM et al., 2005; DLAMINI et al., 2007; 
BUITIMEA-CANTÚA et al., 2013).   
No presente estudo, a alteração do perfil químico-nutricional, a partir da dercorticação 
abrasiva em polidora do arroz, foi evidenciada ao concentrar os teores de proteína, lipídio, 
cinzas, β-glicana, fibras total e insolúvel, além de diminuir a concentração do amido não 
resistente e total no farelo de sorgo (SB) em relação a farinha integral (WSF) e do grão 
decorticado (DSF). Consequentemente, as maiores concentrações de carboidratos e de amido 
resistente estavam presentes na DSF e WSF, respectivamente. Este resultado corrobora com a 
literatura a qual descreve o farelo de sorgo rico em lipídios, minerais e fibra alimentar, 
enquanto, o grão decorticado, concentra elevado conteúdo de carboidratos (ABOUBACAR et 
al., 2006). Os compostos fenólicos totais, antocianinas (totais, luteolinidina, apigeninidina, 5-
metoxi-luteliolinidina e 7-metoxi-apigeninidina), taninos condensados, flavonoides (totais, 
luteolina, apigenina, naringenina e erioditiol) foram igualmente concentrados no SB, assim 
como a capacidade antioxidante mensurada por todos os métodos analisados (DPPH, ABTS, 
FRAP e ORAC).  
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A quantidade e a qualidade dos compostos fenólicos presentes no sorgo são 
relacionadas à redução da digestibilidade do amido por meio da inibição da ação enzimática 
(α-amilase) e a interação com a molécula de amido (BARROS et al., 2012; MKANDAWIRE 
et al., 2013). Barros et al. (2012) demonstraram que, dentre os compostos fenólicos do sorgo, 
os taninos condensados são os principais responsáveis por este efeito. Por meio dessa 
interação há a formação de amido resistente e, consequentemente, a diminuição do índice 
glicêmico do alimento (EZEOGU et al., 2005; SILLER, 2006; LEMLIOGLU-AUSTIN et al., 
2012; MKANDAWIRE et al., 2013). No presente estudo, o índice glicêmico estimado (EGI) 
determinado na DSF foi de 84,5 ± 0,41; da WSF 77,2 ±0,33; e do SB 60,3 ± 0,78. Conforme a 
classificação de índice glicêmico dos alimentos (GI) as farinhas integral e dos grãos 
decorticados foram classificadas como sendo de alto GI, enquanto o farelo sendo de GI 
intermediário (BRAND MILLER et al., 2003). Os EGI's apresentados pela WSF e DSF foram 
semelhantes àqueles encontrados na literatura para produtos de sorgo como, por exemplo, 
mingaus e extrusados (SILLER, 2006; SOUILAH et al., 2014). Em relação ao farelo de 
sorgo, devido a maior concentração de tanino e fibra alimentar, era esperado que apresentasse 
baixo EGI. Análise prévia sobre tempo de decorticação (1 a 6 min.) em polidora de arroz, 
demonstrou que o tempo de 4 min. produzia grãos decorticados livres de resíduos do 
pericarpo (dados não demonstrados). Em contrapartida, este período de decorticação (4 min.), 
pode ter permitido a contaminação do farelo com o amido do endosperma e influenciado para 
um maior EGI. Desta forma, a fim de obter farelo de sorgo mais puro com alto teor de 
compostos fenólicos e mais baixo EGI, a redução no tempo de decorticação pode se fazer 
necessária. Assim, métodos de decorticação de sorgo, devem ser otimizados de acordo com o 
produto final e equipamento disponível para processamento (BASTOS, 1989; AWIKA et al., 
2005). 
Os compostos fenólicos e as capacidades antioxidantes, assim como as fibras total, 
solúvel, insolúvel e β-glicana foram negativamente correlacionadas com o EGI. Segundo  
Barros et al. (2012), o decréscimo na digestibilidade do amido pode ser explicado pela forte 
interação entre as moléculas de tanino e amido, formando complexos insolúveis. No presente 
estudo, além de confirmar essa relação entre os taninos e o EGI, por meio de análise de 
correlação, esta relação foi expandida aos compostos específicos do sorgo como as 3-
deoxiantocianidinas (luteolinidina, apigeninidina, 7-methoxi-apigeninidina e 5-methoxi-
luteolinidina), flavonas (luteolina e apigenina) e flavanonas (naringenina e erioditiol). Estudos 




Enquanto, o amido total e o amido não resistente foram positivamente correlacionados 
ao EGI, não foi observada correlação deste com o amido resistente. Barros et al. (2012), 
demonstraram que o extrato do sorgo com tanino tem um importante impacto na formação de 
amido resistente e, por consequência no EGI. Entretanto, estes autores também evidenciaram 
que quando os extratos são adicionados, em altas concentrações (20%), em amido de milho, a 
formação de amido resistente é similar tanto no extrato rico em taninos quanto, no rico em 
antocianina. Entretanto, deve-se destacar que a concentração de carboidratos pode ter sido um 
fator limitante para a formação de amido resistente. No presente estudo a concentração de 
amido resistente não aumentou em consequência da maior concentração de tanino no farelo (4 
vezes) em relação a farinha integral. Além disso, em contrapartida, a concentração de 
carboidrato reduziu no farelo (2 vezes). Desta forma, a razão amido-fenólico pode não ter 
favorecido a relação: maior quantidade de fenólico, maior formação de amido resistente que 
resultaria em um menor EGI. Ressalta-se ainda que, este efeito ocorreu quando os taninos e os 
carboidratos estavam juntos na mesma matriz alimentar. Isto pode ter influenciado de maneira 
diferenciada a formação de amido resistente comparado com a adição de extrato em matrizes 
externas (amido de milho) como descrito por  Barros et al. (2012). 
As alterações do perfil químico-nutricional e da resposta ao ensaio in vitro de índice 
glicêmico, após o processo de decorticação dos grãos de sorgo, reforçaram a necessidade de 
avaliação do potencial de utilização do sorgo e de suas frações em relação aos parâmetros 
associados à obesidade e às comorbidades em modelo in vivo. Inicialmente, os potenciais 
efeitos do sorgo e de suas frações foram avaliados quanto ao consumo alimentar, ganho de 
peso e coeficiente de eficiência alimentar (FER). O consumo alimentar dos grupos com dietas 
adicionadas de sorgo foi semelhante ao grupo controle obeso (HFF) e menor que o controle 
magro (AIN-93M). O consumo calórico dos animais alimentados com as frações de sorgo não 
diferiram entre o grupo AIN-93M e HFF. Adicionalmente, os ganhos de peso dos animais dos 
grupos com dietas de sorgo também não diferiram dos grupos AIN-93M e HFF. 
Consequentemente, não houve diferença no FER entre os grupos alimentados com dietas de 
sorgo. Os grãos de sorgo, especialmente aqueles que possuem testa pigmentada e elevado teor 
de taninos, são associados a redução do consumo alimentar em animais devido a sua 
adstringência. Além disso, a formação de complexos com as proteínas e amido podem reduzir 
a digestibilidade e a eficiência alimentar deste cereal (AL-MAMARY et al., 2001; MURIU et 
al., 2002; KOBUE-LEKALAKE et al., 2007; DUNN et al., 2015). Estas características, no 
passado, faziam do sorgo um cereal inexpressivo diante da busca de melhores eficiências 
alimentares. Entretanto, no atual cenário, onde o consumo calórico excessivo e seus 
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problemas decorrentes se fazem presentes, a adição do sorgo à alimentação poderia ser uma 
estratégia útil a controle do ganho de peso (DUNN et al., 2015). Porém, no presente estudo, 
apesar da diferente quantidade de ingestão de taninos e compostos fenólicos entre os grupos 
de animais alimentados com farinha sorgo integral, farinha do grão decorticado e farelo não 
foram observados efeitos destes compostos no consumo alimentar, tampouco no ganho de 
peso e peso final dos animais. 
Dentre os compartimentos de tecido adiposo analisados, apenas a gordura 
retroperitoneal dos animais alimentados com sorgo apresentaram peso semelhante ao do 
grupo AIN-93M. Entretanto, essa diferença não foi suficiente para modificar o índice de 
adiposidade entre os grupos experimentais em relação ao controle magro. Diferentes respostas 
metabólicas a um mesmo estímulo podem ser devido a distintas funções de cada 
compartimento de tecido adiposo no metabolismo energético. Por exemplo, a gordura 
epididimal tem sido relacionada ao controle metabólico local, enquanto o retroperitoneal tem 
sido associado à manutenção da homeostase energética do organismo (GAÍVA et al., 2001; 
CAESAR et al., 2010). Desta forma, pode-se presumir que os compostos presentes no sorgo 
possuem como tecido alvo, provavelmente, o tecido retroperitoneal e a manutenção da 
homeostase energético do organismo. No entanto, estudos que melhor indiquem essa 
atividade devem ser conduzidos.  
Dietas com alto teor de lipídios e de frutose ou mesmo com a combinação de ambos têm 
sido associadas ao desenvolvimento de esteatose hepática não alcoólica (SELLMANN et al., 
2015). No presente estudo, os animais alimentados com dietas de sorgo apresentaram menor 
concentração de lipídio hepático em comparação ao grupo HFF. Kim et al. (2015) atribuiu aos 
compostos fenólicos do sorgo a habilidade de reduzir os lipídios totais, os triglicerídeos e o 
colesterol total no fígado de camundongos. Além disso, estes autores demonstraram a inibição 
da síntese de colesterol refletiu sobre o perfil lipídico plasmático dos animais, reduzindo o 
colesterol total e a lipoproteína da baixa densidade (LDL-c) (KIM et al., 2015). Ressalta-se 
que no presente estudo os animais consumiram diferentes quantidades de compostos 
fenólicos. Entretanto, o aumento da concentração desses compostos não ocasionou redução 
proporcional dos lipídios hepáticos. Adicionalmente, a excreção fecal de lipídios manteve 
essa proposta quando o grupo HFF-WSF, o qual consumiu níveis intermediários de 
compostos fenólicos, apresentou a maior excreção lipídica. Estes resultados sugerem a ação 
de outros nutrientes no metabolismo lipídico como, por exemplo, o amido resistente, tendo 




A obesidade e as suas comorbidades são cada vez mais associadas ao aumento do 
estresse oxidativo em diferentes tecidos e à depleção do sistema antioxidante enzimático e aos 
níveis de glutationa reduzida (NOEMAN et al., 2011; LUSHCHAK, 2014; MARINELI et al., 
2015). Entretanto, evidências crescentes destacam que o consumo de alimentos ricos em 
compostos fenólicos pode reduzir os riscos dessas doenças, principalmente, devido ao 
potencial antioxidante desses compostos (NOEMAN et al., 2011; DEL RIO et al., 2013; 
SANTHAKUMAR et al., 2014).  
O status de estresse oxidativo dos animais foi mensurado por meio das atividades das 
enzimas antioxidantes, dos níveis de glutationa reduzida (GSH), assim como pela peroxidação 
lipídica (TBARS) e a capacidade antioxidante (FRAP) do plasma e do fígado. Os níveis de 
GSH plasmático do grupo HFF-WSF e TBARS plasmático de todos os grupos que 
consumiram dietas de sorgo melhoraram em relação ao grupo HFF. Adicionalmente, a 
atividade hepática da enzima GPx foi amenizada em todos as dietas de sorgo, enquanto as 
atividades de CAT e GRd foram maiores nos grupos HFF-WSF e HFF-SB comparado ao 
HFF. Estes resultados corroboram com Kohen e Nyska (2002) que afirmam que os 
antioxidantes naturais podem influenciar cada enzima do sistema enzimático antioxidante em 
diferentes extensões. Assim, estes resultados podem indicar uma melhora no status oxidativos 
desses animais, resultante da ação dos compostos fenólicos do sorgo. Contudo, as 
concentrações de compostos fenólicos entre as farinhas das frações de sorgo não tiveram 
efeito dose-dependente sobre as enzimas antioxidantes e níveis de GSH plasmática e hepática. 
Estudo sobre os efeitos do sorgo sobre as enzimas antioxidantes são pouco explorados em 
ensaio com humanos e em modelos animais (LEWIS, 2008; MORAES et al., 2012a; KHAN 
et al., 2015).  Além disso, estes estudos são ainda inconclusivos, podendo isto ser atribuído às 
distintas formas de utilização do sorgo como, por exemplo, farinha integral, farelo e extrato, e 
aos modelos experimentais.  
Não foi observada correlação entre o teor de compostos fenólicos com as atividades das 
enzimas antioxidantes, GSH, tampouco entre a peroxidação lipídica e FRAP em ambas 
amostras analisadas. Embora estudo recente tenha demonstrado correlação positiva entre os 
compostos fenólicos do sorgo com a capacidade antioxidante do plasma e a atividade da 
enzima superóxido dismutase, os efeitos dos compostos fenólicos no organismo podem variar 
largamente e até mesmo serem controversos (KHAN et al., 2015). As complexas matrizes 
alimentares, as quais os compostos fenólicos estão inseridos, as concentrações dos mesmos, o 
processamento do alimento, a biodisponibilidade dos nutrientes e os tecidos alvo podem 
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delinear diferentes resultados. Tal fato pode ter dificultado, parcialmente, a observação de 
correlação entre os fatores analisados (D’ARCHIVIO et al., 2010).  
Associadas ao aumento da adiposidade, as alterações no metabolismo lipídico normal, 
ou seja, a elevação plasmática de triglicerídeos e de LDL-c, além da redução da concentração 
de HDL-c, são relacionadas ao aumento do risco de desenvovimento de doenças 
cardiovasculares (ARCA, 2015; TASKINEN e BORÉN, 2015). No presente estudo, as dietas 
de sorgo não foram capazes de modular o perfil lipídico e o nível de ácido úrico dos animais. 
Exclusivamente, o nível de HDL-c foi maior no grupo controle magro, enquanto o grupo 
HFF-WSF não diferiu do controle magro e obeso, tampouco dos demais com dieta de frações 
de sorgo. Estudo anterior corrobora com estes resultados quando ratos Wistar alimentados 
com farinha integral de três genótipo de sorgo durante 35 dias não apresentaram modificação 
das concentrações de colesterol total, HDL-c e triglicerídeos (MORAES et al., 2012a). Por 
outro lado, diversos estudos demonstraram redução plasmática de colesterol total, 
triglicerídeos, LDL-c e ácido úrico a partir da administração de extrato de sorgo (CHUNG et 
al., 2011a; CHUNG et al., 2011b; KIM e PARK, 2012; KIM et al., 2015). Adicionalmente, é 
necessário destacar que estes estudos foram conduzidos em diferentes modelos animais os 
quais variaram em condições de saúde, dose de administração, tempo de exposição, além do 
tipo de sorgo e metodologia de preparo do extrato. Nenhum deles comparou os efeitos do 
processamento do sorgo sobre estes parâmetros. Assim, a WSF demonstrou um leve efeito 
sobre as concentrações de HDL-c comparados à DSF e SB. Além disso, enfatiza-se que o 
ratos, da linhagem Wistar, são modelos experimentais resistentes à alterações no perfil 
lipídico relacionados ao desenvolvimento de doenças cardiovasculares (RUSSELL e 
PROCTOR, 2006). Este fato pode ter dificultado a observação dos efeitos do sorgo sobre 
estes biomarcadores.  
A glicose de jejum do grupo HFF-WSF foi similar à do grupo AIN-93M. Entretanto, 
HFF-WSF não diferiu dos grupos HFF-DSF e HFF-SB. Desta forma, não foi observado efeito 
do processamento do sorgo na concentração de glicose. Adicionalmente, os grupos 
alimentados com frações de sorgo apresentaram concentrações de insulina semelhantes aos 
grupos controle magro e obeso, embora a concentração mais baixa tenha sido constatada no 
grupo AIN-93M. Dois estudos, que administraram extrato de sorgo em ratos com diabetes 
induzido por streptozotocina, demonstraram redução da glicose de jejum, no entanto, foram 
inconsistentes sobre os efeito nos níveis de insulina (CHUNG et al., 2011a; KIM e PARK, 
2012). Apesar disso, estes resultados foram relacionados aos compostos fenólicos do sorgo e 
à capacidade de inibição das enzimas glicogênicas hepáticas. Adicionalmente, a 
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suplementação de 0,5% e 1% de extrato de sorgo em camundongos alimentados com dieta 
com alto teor de lipídios, além da redução da concentração de glicose, demonstraram que em 
nível de 1% a concentração de insulina também foi reduzida (PARK et al., 2012). No presente 
estudo, a glicose plasmática foi reduzida pela ingestão de WSF. Isto pode indicar uma 
potencial melhora a partir da ingestão de níveis intermediários desses compostos. O maior 
consumo de amido resistente por este grupo de animais (HFF-WSF) também pode ser um 
fator influenciador dessa resposta (POQUETTE et al., 2014). 
Não houve diferença na concentração plasmática dos hormônios, leptina e adiponectina. 
Park et al. (2012) demonstrou que o extrato de sorgo foi capaz de melhorar o metabolismo de 
glicose por meio do aumento da sensibilidade à ação da insulina, estimulando à expressão de 
adiponectina e do receptor ativado por proliferador de peroxissoma γ (PPARγ). No presente 
estudo, embora não tenha diferido estatisticamente dos grupos experimentais, o nível de 
leptina do grupo HFF-WSF apresentou 41% de redução em relação ao grupo HFF. Esta 
redução foi equiparada ao nível de leptina do grupo AIN-93M. Em níveis adequados, a leptina 
pode melhorar a capitação de glicose agindo sobre os substratos do receptor de insulina-1 e 2 
(IRS-1 e IRS-2), fosfatidilinositol 3-quinase (Pi3k) e proteína quinase ativada por AMP 
(AMPK), sugerindo uma inter-relação entre as ações de insulina e leptina (ZOU e SHAO, 
2008; FERNÁNDEZ-SÁNCHEZ et al., 2011; SHAPIRO et al., 2011). Portanto, a redução 
observada na glicose de jejum no grupo HFF-WSF, pode ser proveniente da diminuição da 
concentração de leptina. Entretanto, estudos adicionais que visam este mecanismo como alvo 
dever ser conduzidos. 
Os efeitos da adição das frações de farinha de sorgo foram evidenciados nos testes de 
tolerância à glicose, sensibilidade à insulina, HOMA-IR assim como na secreção insulina em 
ilhotas pancreáticas. Estes resultados demonstraram que a WSF melhorou a tolerância à 
glicose, a resistência periférica à insulina o que pode ter refletido em uma menor secreção de 
insulina pelas células β- pancreáticas, indicando uma preservação da sua função em um estado 
pré-diabético. Adicionalmente, não houve efeito do processamento do sorgo nos ensaios de 
homeostase glicose/insulina. Diferentemente da correlação in vitro entre compostos fenólicos 
e o EGI, o estudo in vivo não foi capaz de sustentar essa correlação, pois os animais 
alimentados com a farinha de sorgo integral, e níveis intermediário desses compostos, 
apresentaram melhores resultados quanto a homeostase de glicose-insulina. Park et al (2012)  
demonstraram que a administração de extrato de sorgo, nas concentrações de 0,5% e 1%, a 
camundongos melhorou a tolerância à glicose por meio do decaimento da área abaixo da 
curva em 23% e 25% em relação ao grupo alimentado com dieta com alto teor de lipídios. 
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Este resultado evidencia que o aumento da administração de extrato de sorgo não foi seguido 
por um decréscimo proporcional na concentração de glicose plasmática. Esta discrepância dos 
resultados, principalmente no presente estudo, corrobora com a proposta de que possa haver 
sinergia entre nutrientes e não-nutrientes na farinha de sorgo integral. O conceito de sinergia 
alimentar afirmar que nutrientes isolados parecem não possui a mesma capacidade de alterar o 
metabolismo orgânico da mesma forma que os alimentos integrais são capazes. Portanto, os 
minerais, as fibras (amido resistente), os compostos fenólicos e antioxidantes assim como 
outros fitoquímicos presentes na farinha integral parecem atuar sinergicamente promovendo 
efeitos orgânicos que as demais farinhas não são capazes de promover (JONNALAGADDA 
et al., 2011; JACOBS e TAPSELL, 2013).   
Embora os resultados apresentados neste estudo componham uma importante fonte de 
informações sobre a decorticação dos grãos de sorgo e seus efeitos sobre parâmetros 
relacionados a obesidade e comorbidades, limitações que abrangem o delineamento e a 
execução devem ser discutidos. Primeiramente, o estudo foi limitado a utilização de apenas 
um genótipo de sorgo. Segundo, uma melhor otimização do processo de decorticação que 
reduza a contaminação do farelo com amido, pode garantir um menor índice glicêmico do 
mesmo. Terceiro, a utilização de genótipo de sorgo que favoreça a substituição igualitária dos 
ingredientes das dietas dos roedores, assim como, a escolha de modelo animal que melhor se 
adéquam aos parâmetros a serem analisados. Quarto, outra limitação importante está 
relacionada a falta de técnicas de biologia molecular. Estas permitiriam a avaliação de 
proteínas chave do metabolismo que favoreceriam o entendimento do mecanismo pelos quais 
o sorgo e suas frações poderiam estar atuando.  
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8. CONCLUSÃO GERAL 
 
O presente estudo avaliou os efeitos das farinhas de sorgo de grãos integrais, dos grãos 
decorticados e do farelo de sorgo, provenientes do processo de decorticação, sobre os 
parâmetros relacionados à obesidade e suas comorbidades em ratos Wistar alimentados com 
dieta obesogênica. A decorticação dos grãos de sorgo em polidora de arroz favoreceu a 
concentração das proteínas, lipídios, cinzas, β-glicana, fibras total e insolúvel assim como os 
compostos fenólicos e a capacidade antioxidante no farelo de sorgo. Por outro lado, os teores 
de amido total e amido não resistente foram maiores na farinha dos grãos decorticados, 
enquanto o amido resistente concentrou-se na farinha integral de sorgo. 
A farinha dos grãos decorticados apresentou o mais elevado índice glicêmico estimado, 
seguido pela farinha integral e pelo farelo de sorgo. As farinhas integral e decorticada foram 
classificadas como sendo de alto índice glicêmico e o farelo como sendo intermediário. O 
índice glicêmico estimado correlacionou-se negativamente com os compostos fenólicos, 
flavonoides e capacidades antioxidantes assim como as fibras total, insolúvel e solúvel e β-
glicana. Entretanto, o amido resistente não se correlacionou com o índice glicêmico estimado. 
As frações de farinha de sorgo melhoraram a atividade hepática das enzimas catalase, 
glutationa redutase e glutationa peroxidase e diminuiram a peroxidação lipídica no plasma. 
Entretanto, não foi observado efeito da adição das farinhas na concentração de glutationa 
reduzida e na atividade da superóxido dismutase comparado ao grupo obeso, tampouco na 
habilidade de redução do ferro e na concentração das substâncias reativas ao ácido 
tiobarbitúrico no fígado. Embora nenhuma relação tenha sido encontrada entre a capacidade 
antioxidante in vitro e in vivo, os animais que consumiram as dietas adicionados de sorgo com 
compostos fenólicos demonstração uma discreta melhora quanto aos parâmetros de estresse 
oxidativo. 
Não houve diferença no peso final, peso dos órgãos, índice de adiposidade, 
concentração de lipídios no fígado assim como nos marcadores bioquímicos, perfil lipídico 
sérico, ácido úrico, glicose de jejum, níveis de insulina, leptina e adiponectina e na 
homeostase glicose-insulina entre os grupos que receberam as farinhas integral, dos grãos 
decorticados e farelo de sorgo. A excreção fecal de lipídios foi maior no grupo que consumiu 
farinha integral. Entretanto, em comparação à dieta HFF as farinhas das frações de sorgo 
diminuíram a concentração de lipídios hepático e a WSF reduziu a glicose de jejum, melhorou 
a tolerância à glicose e à sensibilidade a insulina e reduziu a secreção de insulina pelas células 
β- pancreáticas.  
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Portanto, estes resultados sugerem que o processo de decorticação dos grãos de sorgo 
em polidora de arroz, para a obtenção de farinha dos grãos decorticados e farelo, pode ser um 
método alternativo capaz de favorecer a completa utilização do cereal. Entretanto, as 
modificações químico-nutricionais provenientes do processamento dos grãos observadas in 
vitro não refletiram em respostas fisiológicas significativas e proporcionais in vivo. Tendo em 
vista as alterações metabólicas relacionadas ao grupo obeso os animais que consumiram 
dietas adicionadas das farinhas de sorgo apresentaram uma sutil melhora nos parâmetros de 
estresse oxidativo. Além disso, destaca-se o potencial da farinha de sorgo integral, em relação 
as demais farinhas, em ser utilizada como uma estratégia dietética frente a parâmetros 
específicos da obesidade e comorbidades, principalmente quanto a homeostase 
glicose/insulina. Adicionalmente, modelos in vivo que possam oferecer maior sensibilidade 
aos biomarcadores da obesidade devem ser conduzidos com a finalidade de permitir a 
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Sorghum bran down-regulates COX-2 and BCL-2 expression in rats induced to 





This study aimed to evaluate the effects of sorghum brans containing different phenolics 
compounds on expression of inflammatory and apoptotic proteins in colon mucosa. We used 
24 Sprague-Dawley rats consuming diets containing 6% fiber from either cellulose (CC), or 
bran from white (WS), brown (BRS) or black (BLS) sorghum (n=6/diet). Diets were fed for 
10 wk, during which two azoxymethane (AOM) injections (15 mg/kg body weight) were 
administered in wk 3 and 4. Fifty or one hundred micrograms of protein was used to 
determine cyclooxygenase-2 (Cox-2), tumor necrosis factor superfamily member 25 (DR-3), 
monocarboxylate cotransporter 1 (MCT-1), B-cell lymphoma-2 (Bcl-2), and Bcl-2-associated 
X protein (Bax) expression by Western blot assay. β-actin or GAPDH were used as 
housekeeping proteins. The pro-inflammatory protein Cox-2 was down-regulated in rats 
consuming the sorghum diets (p≤0.05). There was no difference among the diet groups in 
expression of DR-3 and Bax, both pro-apoptotic proteins (p>0.05). On the other hand, Bcl-2, 
an anti-apoptotic protein, was expressed at lower levels in sorghum diet groups (p≤0.05). 
MCT-1 expression did not differ among experimental groups (p>0.05). We concluded that 
sorghum brans can decrease the inflammatory process and may increase cell apoptosis due to 











Cancer is considered a worldwide health problem. Colon cancer is the third most 
common form of cancer and is second only to lung cancer in the number of people that die 
from cancer (INCA, 2014; SIEGEL et al., 2014). Colon adenocarcinoma progression takes a 
long time and is related to the accumulation of genetic modifications that leads to an 
imbalance between epithelial cell proliferation and apoptosis (PAN et al., 2014). 
Most of cancer types are classified as sporadic, derived from somatic genetic mutations 
that occur as part of the normal cellular lifespan or because of exposure to environmental 
factors such as dietary carcinogens, considered controllable factors. Chemopreventive agents 
make diet one of the main controllable environmental factors which can alter oncogene 
expression through epigenetic modification (DNA methylation and histone modifications) 
(ARAÚJO et al., 2011; TABREZ et al., 2013; PAN et al., 2014). 
Cancer cells are different from normal cells due to the acquisition of self-sufficiency in 
growth signal, resistance to growth inhibition, limitless replicative potential and evasion of 
apoptosis (HANAHAN e WEINBERG, 2011; VANDEN BERGHE, 2012). Those cells 
acquire these features due to the somatic epigenetic modifications in genes often related to 
cell signaling, especially, associated to the inflammation process (VANDEN BERGHE, 
2012). Apoptosis resistance is considered one of the main mechanisms whereby colon cancers 
develop (GOPISETTY et al., 2006; KIM et al., 2010). Furthermore, decreases in the 
expression of apoptotic genes through epigenetic modifications, have been demonstrated to 
affect all apoptotic stages from initiation through execution (FRIEDRICH et al., 2004; 
GOPISETTY et al., 2006; ZORKO et al., 2010).  
Approximately 400 to 600 genes are hypermethylated in colon cancer. A subgroup of 
those genes are driver genes of which promoter CpG island methylation occurs only in cancer.  
These genes are responsible for regulating cell functions such as proliferation, migration, 
angiogenesis, apoptosis, DNA stability and repair (SCHUEBEL et al., 2007). Cho, Turner, 
Davidson, et al. (2014) showed B-cell lymphoma-2 (Bcl-2), Bcl-2-like 11 (Bcl2l11), Cell 
death-inducing DNA fragmentation factor alpha subunit-like effector B (Cideb), Death 
associated protein kinase 1 (Dapk1), Lymphotoxin B receptor (Ltbr), and tumor necrosis 
factor superfamily member 25 (DR-3) hypermethylation. All of these genes are linked to 
apoptotic process in colon cancer cell culture. Furthermore, those authors used 
docosahexaenoic acid and butyrate, from fish oil and pectin, respectively, decreased 
methylation in those apoptotic genes. Thus, restoring transcription of tumor suppressor genes 
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by the reversal of these epigenetic processes can be considered a potential target of cancer 
prevention and treatment (CHO et al., 2014). 
Regarding food chemopreventive potential, whole cereal intake is linked to decrease 
risk of many kinds of cancer, mostly in colon cancer (LAM et al., 2011). Among cereals, 
sorghum (Sorghum bicolor (L.) Moench) has been demonstrated to have chemopreventive 
effects on cancers of the skin, esophagus, breast, liver, bone marrow and colon cancer. These 
effects are often related to its unique phenolic composition such as flavonones, tannin and 3-
deoxyanthocianin (GÓMEZ-CORDOVÉS et al., 2001; SHIH et al., 2006; SHIH et al., 2007; 
AWIKA et al., 2009; YANG et al., 2009; WOO et al., 2012).  Specific to colon cancer, 
sorghum chemopreventive features include reducing aberrant crypt, protective phase II 
enzyme induction (NQO), cell proliferation inhibition and apoptosis promotion (TURNER et 
al., 2006; LEWIS, 2008; AWIKA et al., 2009; YANG et al., 2012).  
Concerning the limited number of studies that try to clarify the mechanisms which 
sorghum can have a chemopreventive action on colon cancer the hypothesis of this study is 
that the substances with chemopreventive potential, concentrated in the bran, may influence 
the expression of proteins related to inflammation and apoptotic process in rats induced to 
develop colon cancer. Thus, this study aimed to evaluate the effects of sorghum brans 
containing different phenolics compounds on expression of inflammatory and apoptotic 
proteins in colon mucosa.  
 
10.2. Material and methods 
 
10.2.1. Animals and experimental design 
We used 24 Sprague-Dawley rats consuming diets containing 6% fiber from either 
cellulose (CC), or bran from white (WS), brown (BRS) or black (BLS) sorghum (n=6). Diets 
were fed for 10 wk, during which two azoxymethane (AOM) injections (15 mg.kg-1 body 
weight) were administered in wk 3 and 4. Animal care and experimental design was described 
by Lewis (2008). 
  
10.2.2.Western blot analysis 
Cyclooxygenase-2 (Cox-2), tumor necrosis factor superfamily member 25 (DR-3), 
monocarboxylate cotransporter 1 (MCT-1), B-cell lymphoma-2 (Bcl-2), and Bcl-2-associated 
X protein (Bax) expression were analyzed by western blotting after resolution by sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) for 90 min at 200V. One 
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hundred micrograms of protein was used for MCT-1 and 50 µg was used for the analysis of 
the other proteins. Separated proteins on 10% gel were transferred onto polyvinylidene 
fluoride membrane (PVDF, Millipore, Billerica, MA) for 120 min at 60 V. Then the 
membrane was blocked with 5% non bovine serum albumin for 1 h at room temperature. 
Membranes were incubated with a mouse monoclonal β-actin (sc-8432; dilution 1:1000; 
Santa Cruz Biotechnology), a rabbit polyclonal GAPDH (sc-25778; dilution 1:1000; Santa 
Cruz Biotechnology), a rabbit polyclonal Bax (sc-403; dilution 1:100; Santa Cruz 
Biotechnology), a mouse monoclonal Bcl-2 antibody (sc-7382; dilution 1:200; Santa Cruz 
Biotechnology) and goat polyclonal COX-2 antibody (dilution 1:200; Santa Cruz 
Biotechnology) overnight at 4°C. Membranes were then washed in 0.05% PBS Tween-20, 
incubated with horseradish peroxidase secondary antibodies, based on the manufacturers 
recommendations, for 1 h at room temperature. Then they were stained with SuperSignal 
West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific) and the intensities of 
bands were captured with a Bio-Rad Documentation system (Bio-Rad Lab), and quantified 
using UN-SCAN-IT gel 6.1 software.  
 
10.2.3. Statistical analysis 
Data are expressed as mean values ± Standard error of the mean (SEM). Differences 
among groups were tested by one-way analysis of variance (ANOVA; α = 5%). For 
significant ‘‘F’’, the post hoc Tukey’s range test was used to determine significant differences 
among means (α = 5%). Data analyses were carried out with GraphPad Prism 5.0 (GraphPad 
Software, Inc. La Jolla, CA, USA) software. 
 
10.3. Results and discussion 
 
The pro-inflammatory protein, Cox-2, was down-regulated in rats consuming sorghum 
diets (p≤0.05) (Figure 9). Colon tumor development is promoted by inflammatory processes. 
One of the main features of colon cancer is the overexpression of the inducible enzyme Cox-
2, which may also contribute to cancer progression (HAO et al., 2001; FARROW e EVERS, 
2002; TAMMALI et al., 2006). Thus, inhibition of Cox-2 activity may be a preventive 
method of colon cancer (GUO et al., 2013). Lewis (2008) showed a decrease in aberrant crypt 
foci in rats that consumed the diets added with sorghum bran. They demonstrated that black 
sorghum bran, a 3-deoxyanthocyanin source, inhibited cell proliferation while brown sorghum 
bran, a tannin source, increased apoptosis. However, white sorghum did not differ from the 
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control diet in these parameters. The authors suggested that differences in bran phenolic 
composition were potentially responsible for those outcomes. At that point cancer suppression 
(impact on cell proliferation and apoptosis) was associated with antioxidant activity in those 
brans. However, Cox-2 enzymes can mediate intestinal carcinogenesis through apoptosis 
inhibition, modulation of cellular adhesion and motility, angiogenesis promotion and 
immunosuppression (SOBOLEWSKI et al., 2010). In the present study, all sorghum brans 
suppressed Cox-2 expression. Considering that Cox-2 is a nonspecific cancer biomarker, it 
may indicate that other cancer mechanisms could be affected by sorghum components. 
 
 
Figure 10: Cox-2 expression in rats consuming the cellulose (CC), white sorghum (WS), 
brown sorghum (BRS) or black sorghum (BLS) diets. Values are means ± SEM. Values not 
followed by letters in the graph bar do not differ by Tukey test, P<0.05, n=6 per treatment. 
 
There was no difference among the treatment groups in the expression of DR-3 and 
Bax, both proapoptotic proteins (p>0.05) (Figure 11). On the other hand, Bcl-2, an 
antiapoptotic protein, was expressed at lower levels in sorghum diet groups (p≤0.05) (Figure 
2). Death receptors (DR) are defined by the presence of an intracellular death domain in their 
primary structures and they stimulate apoptosis by caspase pathway activation. In this way, an 
overexpression of DR-3 stimulates apoptosis (ASHKENAZI e DIXIT, 1999; XU et al., 2014). 
Moreover, normal regulation of apoptosis can be suppressed through coordination of 
hypermethylation of proapoptotic gene promoters and hypomethylation of antiapoptotic gene 
promoters (GOPISETTY et al., 2006). Thus, Cho et al. (2014), studying an HCT-116 colon 
cancer cell line, in which DNA methylation was elevated, showed that docosahexaenoic acid 
and butyrate did not affect global DNA methylation but it resulted in gene-specific 
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demethylation of DR-3 and others proapoptotic genes. These authors related this outcome to 
an improvement in apoptotic process in the in vitro colon cancer model.  
 
 
Figure 11: A) DR-3 B) BAX and C) Bcl-2 expression in rats consuming the cellulose (CC), 
white sorghum (WS), brown sorghum (BRS) or black sorghum (BLS) diets. Values are means 
± SEM. Values not followed by letters in the graph bar do not differ by Tukey test, P<0.05, 
n=6 per treatment. 
 
Unlike in the present study, Bax has been demonstrated to be up-regulated in colon 
cancer mucosa of rats which consumed diets containing fiber and phenolic compounds 
(KAUNTZ et al., 2012; LÓPEZ-OLIVA et al., 2013). Additionally, those previous studies 
showed down-regulation of Bcl-2 expression, which corroborates our findings. Especially, 
López-Oliva, et al. (2013) related the anti-apoptotic effect of a diet containing elevated fiber 
and phenolic compounds to a reduction of the oxidative environment of the colonic mucosa 
through modulation of both the antioxidant enzymes and the GSH:GSSG redox systems. 
Furthermore, chemopreventive effect of anthocyanin extracted from red sorghum bran was 
evaluated in breast cancer cell culture (DEVI et al., 2011; SUGANYADEVI et al., 2013). 
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Suganyadevi, et al. (2013) showed that 3-deoxyanthocyanin induced cell apoptosis through 
up-regulation of p54 gene and down-regulation of Bcl-2. In this way, sorghum bran did not 
affected DR-3 and BAX expression. However, Bcl-2 down-regulation may indicate that an 




Figure 12: MCT-1 expression in rats consuming the cellulose (CC), white sorghum (WS), 
brown sorghum (BRS) or black sorghum (BLS) diets. Values are means ± SEM. Values not 
followed by letters in the graph bar do not differ by Tukey test, P<0.05, n=6 per treatment. 
 
Dietary fiber fermentation and phenolic compounds have been associated with a 
decrease in colon cancer risk (WATSON e COLLINS, 2011). This relationship has been 
linked to microbial butyrate production, a product of fiber fermentation, that can inhibit 
histone deacetylase action (HDACs) and induce differentiation of colon cancer cell lines 
(CARAFA et al., 2011).  Butyrate can be transported into colonocytes via a membrane 
transporter, such as MCT-1 (CUFF et al., 2002). However, because expression of this 
transporter has been shown to be down-regulated during carcinogenesis in colonic tissues and 
it may be affected by dietary phenolics compounds (SHIM et al., 2007; BORTHAKUR et al., 
2010) an interest in this transporter expression has developed.  In the present study, MCT-1 
expression did not differ among the experimental groups (p>0.05) (Figure 12). Even though 
there were no significant differences in protein expression, white, brown and black sorghum 
bran diets were 1.15, 1.30 and 1.23 fold higher than the control diet, respectively. Ritchie et 
al. (2015) studying colitis in a rat model showed higher relative gene expression of short chair 
fatty acid (SCFA) transporters such as, MCT-1 and Slc5a8 in Hi Tannin black sorghum bran 
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group. They highlighted that it could explain the reduction in fecal butyrate excretion of those 
rats. Furthermore, sorghum diet may protect against suppression of SCFA and reduced SCFA 
transporter expression associated with intestinal inflammation. In contrast, Sanchez-Tena et 
al. (2013) working on the effect of green tea phenolics compounds showed that these 
phenolics did not induce differentiation of a colon adenocarcinoma cell line.  This affect may 
have resulted from the impairment of butryate interactions with the MCT-1 transporter, which 




 In summary we concluded that sorghum brans containing phenolics compounds 
can decrease the inflammatory process and may increase cell apoptosis due to the down-
regulation of Cox-2 and Bcl-2, respectively, in rats induced to develop colon cancer. These 
findings provide an important staring point to better understand the molecular mechanisms 
whereby bioactive compounds found in sorghum may reduce colon cancer risk. Although, we 
have demonstrated proteins levels changes other specific cancer biomarkers mainly in gene 
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